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INITRODUCTION

The formaiion of ice on aircraft has been a concern since the early days of aviation. There are
three basic forms of ice accumulation on aircraft: rime ice, glaze (clear) ice, and frosi. Mixiures of
rime and glaze ice are common. Ice on the airframe decreases lift and increases weighi, drag, snd
stalling speed. In addition, the accumulation of ice on the exterior moveable surfaces affects the
control of the aircraft. If ice begins to form on the blades of a propeller or helicopter rotor, its
propulsion efficiency 15 decreased and further power is demanded of the engine to maintain {light.
The overall effect on the aircraft is loss of aerodynamic efficiency, engine power, proper control
surface operation, brake and landing gear operation, outside vision, proper {light instrument
indications, and, in the extreme, loss of radio communication due to antenna shielding or damage.
Certain areas of the aircraft's outer surfaces, sometimes even criiical surfaces, may be damaged when
impacted by shed ice. Engine ingestion of the shed ice and subsequent damage or engine failure is
another cause for concern. Early aircraft were often forced down due to ice accretion on wings,
empennage, and propellers. If the aircraft was unaamaged, the ice was cleared and the aircraft
continued on its flight, Eventually, pneumatic-boot de-icers were developed followed by fluid, hot
air and electric ice protection systems. Both the number of instrument rated pilots and the number
of rotorcraft and general aviation aircraft equipped for flight into icing environments have increased
dramatically in recent years. Transport category and corporate aircraft are continuaily advancing in
aerndynamic designs and striving for more fuel efficient engines and propellers. As the requirements
change, so do the requirements for modifying contemporary ice protection systems. Therefore, to
improve and optimize ice protection capabilities, there is a need for research and development of
de-icing/ anti-icing systems and analysis procedures. Present research is concentrating in the areas
of electro-impulse, improved pneumatics, electro-thermal, fluid freezing point depressant,
microwave, and icephobic ice protection systems. The design and successful certification of these
systems depend upon adequate documentation, including advantages and limitations.

The intent of this report is tu provide a technical reference handbook which can be used by
airframe, powerplant, and test flight engineers as a guide in design, analysis, test, and certification
of ice protection systems. Previous FAA technical reporis were developed to serve the needs of
airframe (reference 1-1) and powerplant (reference 1-37) ice protection system design engineers.
This Handbook contains much of these documents and in addition more contemporary and updated
information as a result of recent research investigations and experience.

Users of this Handbeok should keep in mind that the overall subject of atmospheric icing and
ice protection systems is 2 highly complex technical field in which unresolved questions and puzziing
phenomena continue to be researched by industry, universities, and the government.




P O A U

Recent available research and test results have been incorporated in order to make the anaiytical
and test procedures as up-to-date as possible. The iacorporation of such recent advances in
technology during the preparation of this handbook has regaired examination of past and present
procedures, as well as field experience. In these procedures, simnlifying assumptions are required to
make analyses possible, imperfect simulations are required, zad demonstration tests are not always
sufficiently specific or well correlated. Thus, engineering judgement must be used to provide the
coaservativeness required in design, analysis, and test to compensate for uncertainties. It is expected
that there will be future FAA updates to this Handbook on a periodic basis as a result of continuing
research and development in the field. These updates will be incorporated through subsequeut loose-
leaf addenda as they become available and as directed by the Federal Aviation Administration,
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The Handbook is organized into nine major Chapters as follows:
YOLUME I
- Fiight in Ici

Section 1. - The Icing Atmosphere

Section 2. - Aircraft Ice Accretion

Section 3. - Atmospheric Design Criteria

Chapter II - Ice Detection and Measurement

j Section 1. - Ice Detection
Section 2. - Icing Measurement Instruments.

: VOLUME Ii
i 10l - Ice P ion Method
Section 1. - Pneumatic Boot De-Icing Systems
Section 2. - Electro-Thermal Systems
Section 3. - Fluid ice Protection Systems
Section 4. - E'actro-Impulse De-Icing Systems
Section 5. - Hot Air Systems
Section 6. - System Selection
- I¢i imulati

Section 1. - Test Methods and Facilities
Section 2. - Analytical Methods

Chapter V - Demonstrating Adequacy of Design

Section 1. - Introduction
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Section 2. - Systems Design Anaiyses and Certification Planning
Section 3. - Evaluations to Demonstrate Adequacy
Section 4. - Testing to Demonstrate Compliance

i VOLUME Iit
! Chapter V1 - Regulatory Material
N Section 1. - U.S. Civil Aviation Requirements
Section 2. - U.S. Military Specifications
i Section 2. - Foreign Regulations
h T - vi

Section 1. - FAA Advisory Circulars
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GLOSSARY

adiabatic process - A thermodynamic change of state of a system in which there is no transfer of heat
or mass across the boundarics of the system. In an adiabatic process, compression always results in
heating, expansion in cooling,

airmass - A widespread body of air, the properties of which can be identified as having been
established while that air was situated over a particular region of the earih’s surface, and undergoing
specific modificaiions while in transit away from the source region.

aliocumulus (Ac) - A mid-level (6500 - 20,000 ft.) stratiform cloud, white or gray, or a combination
thereof. Appears as laminae, rounded masses or rolls, Some turbulence and small amounts of icing,

altostratus (As) - A mid-level (6500 - 20,000 ft.) stratiform cloud appearing either as a gray or bluish
(never white) sheet or layer of striated, fibrous, or uniform appearance. May totally cover the sky and
extend over an area of several thousand square miles with a vertical extent from several hundred to
thousands of feet.

cirrocumulus (Cc) - A high level (20,000 - 30,000 ft) thin stratiform cloud appearing as a white patch
of cloud without shadows, composed of very small elements in the form of waves or ripples. Usually
ice crystals but may contain highly supercooled water droplets. Some turbulence and icing.

girrostratus (Cs) - A high level (20,000 - 30,000 ft.) stratiform ice-crystal cloud appearing as a whitish
veil or sheet usually fibrous but can be smooth. Often totally covers the sky. Often produces halo
phenomenon. No turbulence and little if any icing.

cirrus {Ci) - A high level (20,000 - 30,000 ft.) thin, stratiform ice crystal cloud. Larger ice crystals
often trail downward in wisps called "mare’s tails". Detached cirriform elements in the form of
feather-like white patches or narrow bands have little turbulence or airframe icing. Dense bands
however contain turbulence.

clear ice - a glossy, clear, or translucent ice formed by relatively slow freezing of large supercocled
droplets. The large droplets spread out over the airfoil prior io complete freezing, forming a sheet
of clear ice. Although clear ice is expected mostly with temperatures between 32 and 14 degrees
Fahrenkheit, it does occur at temperatures as cold as -13 degrees Fahrenheit.

gonditional instability - The state of a column of air in the atmosphere when its temperature lapse
rate is less than the dry-adiabatic lapse rate but greater than the saturation-adiabatic lapse rate.

11-vii




cumuliform cloud - descriptor of cumulus family clouds, the principal characteristic of which is
vertica! development in the form of rising mounds, domes or towers.

cumulonimbus (Cb) - Cumuliforin cloud type with extreme vertical development occurring as
individual cells or as a broad band with only individual tops discernable. Thunderstorm cloud. May
have dense boiling "cauliflower” top or dense cirrus "anvil" top. Bases 1000 1o 5000 ft. solid growth
te 30,000 ft. notmal, 70,000 extreme. Hail, severe turbulence, airframe and powerplant icing.

cumulus (Cu) - Cumuliform cloud in the form of individual detailed elements which have flat bases
and dome-shaped tops. Humilis type have little vertical development or turbulence and no significant
icing and are called fair-weather cumulus, Congestus type shows towering vertical development with
billowing cauliflower tops. Showers, strong turbulence and clear icing, Bases 1000 to 3000 ft., tops
15,000 - 20,000 ft.

dry adiabatic lapse rate - The rate of decrease of temperature with height of a parcel of dry air lifted
adiabatically through an atmosphere in hydrostatic equilibrium.

freezing level - The lowest altitude in the atmosphere, over a given location, at which the air

temperature is 32 degrees Fahrenheit; the height of the 32 degree Fahrenheit constant temperature
surface.

graupel - See snow pellets.
horizontal extent - The horizontal distance of an icing encounter.

hydrostatic eguilibrium - The state of a fluid whose surfaces of constant pressure and constant mass
(or density) coincide and are hori-ontal throughout.

ice pellets - Type of precipitation consisting of transparent or translucent pellets of ice 5 millimeters
or less in diameter.

icing encounter - A series of icing events consecutively penetrated until an interruption of more than
some selected distance is experienced.

icing event - A portion of a subfreezing cloud over which the cloud properties are approximately
constant.
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light icing - The rate of accumulation that may create a hazard if flight is prolonged in this
environment, Occasional use of de-icing/anti-icing equipment rernoves/prevents accumuiation.

id water content - The total mass of water contained in all the liquid cloud droplets within a unit
volume of cloud. Units of LWC are usually grams of water per cubic meter of air {g/m?).

mean effective diameter (MED) - The droplet diameter which divides the total water volume present
in the droplet distribution in half, i.e., half the water volume will be in larger drops and half the
volume in smaller drops. The value is calculated based on an assumed droplet distribution.

median volumetric diameter (MVI) - The droplet diameter which divides the total water volume

present in the droplet distribution in half, i.e., half the water volume will be in larger drops and half
the volume in smaller drops. The value is obtained by actual drop size measurements.

micron (ym) - One millionth of a meter.
mixed cloud - A subfreezing cloud composed of snow and/or ice particles as well as liquid droplets.

moderate icing - The rate of accumulation is such that even short encounters become potentially
hazardous and use of de-icing/anti-icing equipment or diversion from the area and/or altitude is

necessary.

nimbostratus (Ns) - A low level (<6500 ft.) stratiform cloud, gray or dark colered and often with a
ragged base and a diffused appearance due to almost continuous drizzle, rain, snow, or ice pellets.
Little turbulence but can create serious icing problems.

rimg ice - A rough, milky, opaque ice formed by the instantaneous freezing of small, supercooled
droplets as they strike the aircraft. Rime ice usually occurs at temperatures coider than about +15°
F., although it has been observed at somewhat warmer temperatures.

saturation gdiabatic lapse rate - The rate of decrease of temperature with height of an air pavrcel
lifted in a saturation adiabatic process.

saturation adiabatic process - An adiabatic process in which the air is maintained at saturation by the
evaporation or condensation of water substance, the latent heat being supplied by or to the air,

respectively.
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severe icing - The rate of accumulation is such that de-icing/anti-icing fails to reduce or control the
hazard requiring immediate diversion from the area and/or altitude.

sleet - See ice peilets.
snow grajns - Precipitation in the form of very small (generally < | mm) white opaque particles of

ice, the solid equivalent of drizzle. Snow grains resemble snow pellets except are smaller, harder and
have a more flattened appearance.

snow pellets - Precipitation consisting of white, opaque, approximately round (diameter of 2 to 5 mm)
ice particles which have a snowlike structure. Also known as graupel, soft hail, or tapioca snow.

stability - The stability of an atmosphere in hydrostatic equilibrium with respect to vertical
displacements. The criterion for stability is that the displaced parcel be subjected to a buoyant force
opposite to its displacement, e.g., that a parcel displaced upward be colder than its new environment,

stratiform clouds - Low, middle, or high level layer clouds, characterized by extensive horizontal
rather than vertical development,

stratocumulus (S¢) - A low level (< 6500 ft.) stratiform cloud ranging from white or gray repetitive
masses or rolls to low, ragged, dark clouds. Some turbulence and serious icing with distance.

stratus (St) - A low level (< 6500 ft.) stratiform cloud with 2 uniform, gray, sheet-like appearance
resembling fog. No turbulence but can create serious icing due to distance.

subsidence inversion - A temperature inversion produced by the adiabatic warming of a layer of
subsiding air. This inversion is enhanced by vertical mixing in the air layer below the inversion.

trace icing - Ice becomes perceptible. The rate of accumulation is slightly greater than the rate of
sublimation. It is not hazardous, even though de-icing/anti-icing equipment is not used, unless
encountered for an extended period of time.
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1.1.0 THE ICING ATMOSPHERE

I.1.1 INTRODUCTION

The design of ice protection systems depends upon a knowledge of icing characteristics. This
section defines the prevailing types of icing conditions in the atmosphere and provides the latest,
accepted information used in the design of ice prevention and removal systems. The data and
information presented updates, where necessary, that presented in the 1964 FAA publication
*Engineering Summary of Airframe Icing Technical Data (ADS-4)" (reference 1-1). Much of th= data
is obtained from National Advisory Committee for Aeronautics statistical icing reports which include
icing encounters by commercial, military, and icing research aircraft. Some foreign data is also
included.

The National Advisory Committee for Aeronautics and cooperating groups conducted research
on rnatural icing conditions for a period of many years, Early work was performed by specially
equipped research aircraft using a rotating multicylinder to measure icing intensity. Later data were
obtained by mounting icing rate meters on commercial and military aircraft, thus obtaining icing data
related to routine flight operations. These data (\ 2ference 1-2 to 1-17) form the major part of icing
statistical data and is the basis for most U.S., C.nadian, British commercial, and military design
criteria. For this reason, the significant results of th® various reports are presented in this section as
figures 1-1, 1-2, 1-12, 1-13 and 1-22 through 1-38 plus table 1-1.

Additional data has been solicited and is presented at both very low and very high altitudes to
supplement the NACA data that is confined, for the most part, to altitudes of 3¢J0 to 22,000 fcet
(1 to 7 km). These additional data are presented in table 1-2 and figures 1-3 to 1-11 and 1-14 to
1-21. Discussion of the figures and tables is presented.

The terminology used in the succeeding portions of the report may be unfamiliar and deserves
some explanation. The cloud liquid water content is expressed in grams of liquid water per cubic
meter of air, and inciudes only the water in supercooled droplet form (it does not include the water
in vapor form). Typical ranges of values are 0.1 to 0.8 g/m? for layer type clouds, and 0.2 to 2.5 g/m?
for cumulus clouds. Individual cloud droplets are typically between 2 and 5S¢ microns in diameier,
Larger droplets can occur, but require special circumstances to form. Any droplets larger than about
100pm tend to precipitate out. MVD’s are generally less than 35 um, but values as large as 100 uym
have been reported (reference 1-33), Freezing rain may involve droplets as large as 1,000 micrens,
or onc miilimeter. As a measure of central tendency and for design purposes, the aggregate cloud
droplet distribution is expressed as a medjan volume diameter (MVD) value; i.e., half the volume of
water in a given sample is contained in drops larger than the quoted value, and half in drops smaller.
Cloud temperature may vary from -40 °F to 32 °F (-40 to 0 °C). At colder temperatures, ice crystals
predominate and supercooled water droplets rarely exist. The horizontal extent used for design
purposes may vary from 1 to 300 nautical miles for layer type clouds (stratiform), or 0.2 to 5 nautical
miles for cumaliform clouds.
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1.1.2 SUPERCOOLED CLOUDS

Accretion of ice on aircraft surfaces in flight is a result of the tendency of cloud droplets to
remain in a liquid state at temperatures below freezing. This condition is referred to as supercooling.
The amount and shape of ice accreted is dependent on outside air temperature, cloud liquid water
content, droplet size, airspeed and horizontal extent of the icing conditions. Additionally, the
likelihood of supercooling increases as droplet size decreases and droplet purity increases. Supercooled
clouds are common and have been observed at temperatures as low as -40 °F (-40 °C) (reference
1-18). Supercooled clouds are unstable and can change phase from liquid to solid rapidly with the
addition of ice crystals, ice nuclei, or with agitation.

1.2.1 Cloud Types

In discussing aircraft icing, cloud types are placed into two general classifications; stratiform
(layer type clouds) and cumuliform (clouds with vertical development). Fog differs from clouds only
in that the base of fog is at earth’s surface while clouds are above the surface. Freezing fog consists
of supercooled droplets that freeze upon contact with exposed objects. Accretion may result in the
form of rime or giaze ice (reference 1-19),

1.2.1.1 Stratiform Clouds

Icing in stratiform ciouds is normally in the middle to lower level clouds below 10,000 feet (3
km). Stratiform clouds are quite stable leading to the formation of clouds with extensive coverage
plus the existence of clouds at different altitudes, i.e., multiple layers of clouds which may or may aot
be similar in content and are commonly encountered with total thicknesses on the order of 6500 feet
(2 km).

The high level stratiform clouds (above 20,000 feet) are composed of ice crystals which do not
contiibute to airframe icing but should be considered for engine icing. These clouds, known as cirrus
(C1), cirrocumulus (Cc), and cirrostratus (Cs), are distinguished by their light, white transparent
appearance (figure 1-39).

The middle level stratiform clouds between 6500 and 20,000 feet (2 km and 6 km) are important
to the icing environment since they have both solid and liquid water content. These clouds may be
very thin but can extend over large areas up to thousands of square miles. These cloud types, known
as altocumulus (Ac) and altostratus (As), are distinguished from the cirrus cloud types by the darker
color being gray to bluish but never white.

The lower level stratiform clouds normally below 6500 feet (2 kmn) are important to the icing
environment because of the LWC and because of the horizontal extent. The area covered is not as
extensive as some of the middle level clouds; however, the LWC is greater. These cloud types are
known as stratocumulus (S¢), stratus (St), and nimbostratus (Ns) and are characterized by the white
to gray appearance with darker patches (figure 1-39), The nimbo-stratus clouds also have non-
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uniform bases which are usually diffused due to precipitation. These clouds also have little or no
electrical activity or hail.

Variation of cloud properties with altitude for a specific stratus cloud is shown in figure 1-1.
Within low level stratiform clouds, free air temperature decreases with altitude, but liquid water
content (LWC) increases, reaching a maximum at or near the top of the cloud. This is in agreement
with adiabatic lifting theory (figure 1-2 and reference 1-29), which predicts an increase in LWC as
cloud temperature (and capacity to hold water in vapor form) decreases. Droplet diameter also
increases (in the statistical sense) with increasing altitude. In middle level stratiform clouds, there is
not such a regular dependence of LWC and MVD on height above cloud base. Thus in As, and Ac,
there can be varying altitudes of icing severity (references 1-33, 1-34, 1-35). Flight in layer clouds
can result in icing conditions of long duration, and form the criteria most often used for design of ice
protection systems for such airframe components as wings, empennage, propeliers, windshields, atc.
The intensity of icing generally ranges from light to moderate with maximum values occurring in the
upper portious of the cloud. Both rime and glaze icing are observed in stratiform clouds. The main
hazard results from the great horizontal extent of some cloud decks (figure 1-9 to 1-11). Stratiform
clouds (figures 1-3 to 1-8) are characterized by moderate liquid water contents with a maximum value
of 1.1 g/m®. Icing in these clouds is most frequently rime.

1.2.1,2 Cumuliform Clouds

The cumuliform clouds, of which cumulonimbus is the best known, are important to the icing
environment because of their rapid development and large LWC which, due to the adiabatic lifting
process, may be in a supercooled state. Cumuliform clouds, which develop vertically first, are
characterized by flat bases at the lifting condensation level and sometimes flat tops if vertical motion
is suppressed by the presence of an inversion. These clouds are often referred to as tair weather
cumulus, since they tend to persist in a fairly constant state in good weather. These clouds can,
however, develop into cumulus congestus, still of the same cumulus ¢loud type (Cu). which has a large
vertical development and may include the cauliflower or tower aspect. Both of these cloud formations
are characterized by the fact that they do not contain ice crystals. This accompanies the further
development into the final cloud type, cumulonimbus (Cb). The formaticn of ice crystals is in fact
a signal that the change has or is being accomplished. The cumulonimbus clouds may produce rain
and/or various forms of frozen precipitation and have displays of thunder and lightning. This gives
it the classic name "thunderh2ad” (figure 1-39).

Cumuliform clouds cover less area horizontally than do stratiform clouds. Icing is variable and
dependent on the stage of development of the individual cloud. Intensities may range from light, in
small supercooled cumulus, to moderate or severe in cumulus congestus and cumulonimbus clouds.
Although icing may occur at all levels above the freezing level in a building cumulus, it is most intense
in the updrafts.
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Cumuliform clouds (figures 1-12 to 1-18) are characterized by short duration exposures to
typically high liquid water contents of up to 2.5.g/m83, or up to 6-8 g/m"’ for large tropical Cb’s.
Typical median volume diameters range from 9 to 50 microns. The maximum water content of a
cloud containing only a single cell is likely to be at the cloud center at a height above the freezing
level as shown in figure 1-12 (reference 1-21). Droplet size and LWC tend to increase with cloud
height as shown in figure 1-13 and figure 1-40. The drop sizes quoted are mean volume values (see
glossary). Measurements shown in figure 1-12 and 1-13 are for two separate typical cumulus cells.
Other cumulus clouds may have greater or smaller LWC and drop size values, or may be composed of
multiple cells rather than single cells, The horizontal extent averages from two to six nautical miles
(3.7 - 11 kilometers) (figures 1-9, 1-10, 1-11) for a single cloud but may be greater in convective
cloud lines or clusters and areas where convective clouds are imbedded in stratiform clouds. Icing in
these clouds is usually clear or a mixture of clear and rime ice.

1.2.2 Variations with Altitude

The analysis of United States flight data, primarily from reference 1-20 for clouds under 10,000
feet, indicates that icing conditions become most serious in the winter months at altitudes of 7000 to
9000 feet (2130 to 2170 meters) above ground level (AGL). Maximum observed LWC's are 1.7 g/m*
for convective clouds and 1.1 g/m3 for layer clouds. Above 10,000 £t the maximum LWC appears to
decrease (figure 1-19) in wintertime clouds. This decrease is, however, somewhat uncertain due to
insufficient data on convective clouds with the low bases and the large vertical extent required to
produce supercooled LWC’s greater than 1.5 g/m? above 8000 feet (2440 meters). Consideration
should be given to the fact that most data have been collected during the winter months when icing
is of greater concern and convective clouds occur less frequently., Large tropical cumulonimbus
clouds, which can attain great vertical deveiopment, have LWC values to 6-8 g/m"'.

A secondary area of concern occurs at an altitude range of 4,000 to 6,000 feet (1.2 - 2 km) AGL
and near 2,000 feet (0.6 km) AGL. The 4,000 to 6,000 feet AGL layer corresponds to typical upper
limits of the turbulent mixing layer in many wintertime situations. The base of the subsidence
inversion in this altitude range blocks vertical development of the stratus or stratocumulus that forms
uaderneath as a result of turbuient mixing (reference 1-20).

Flight data comparing altitude with horizontal extent reinforces the comparison of LWC and
altitude for serious icing conditions. These data show a peak over the 3,000 to 5,000 feet (1 - 1.5 km)
AGL range and a second sharper peak near 8,000 feet (2.4 km) AGL (figure 1~20). These horizontal
extents for layer clouds indicate that ihe top of the turbulent mixing Ilayer in wintertime
stratus-forming conditions lies between 3,000 to 5,000 feet AGL. Convective cloud icing encounters
are shorter than layer cloud encounters. Convective encounters peak at altitudes of around 6,000 and
8,000 feet (1.8 - 2.4 km) AGL (figure 1-21) during the winter (reference 1-20),




Icing encounters occur less frequently at higher altitudes (up to 22,000 feet (7 km) where the
o minimum observed icing temperature is -22 °F (-30 °C) (figure 1-33). Encounters above 22,000
feet are rare. This is due to the fact that LWC decreases with decreasing temperature (figures 1-23
and 1-24). When encountered, icing is likely to be classified as "light" (reference i-1).
Note that for stratiform clouds the maximum LWC compares favorably with a theoretical limit
based on two-thirds the LWC of a 3,000-ft. cloud, calculated by adiabatic lifting theory (figure 1-2).
(For a detailed discussion and equations on adiabatic lifting theory, see reference 1-29.) The data for
cumulus ¢louds shows less correlation between LWC and temperature. In both cases, however, no
icing was found below -15 °F. The minimum temperature usually referenced for the existence of

supercooled cloud (water) droplets is -40 °F. At extremely low temperatures, virtually all water is
converted to ice crystals, therefore icing is not likely to be a problem (see Section 1.1.3 for cautionary
note). There is a general relationship of LWC decreasing with temperature (figures 1-3, 1-4, 1-5)
although a definite correlation has not been established (figures 1-25, 1-26). Little data exists for
certain areas of the distribution.

The probability of exceeding specific values of maximum LWC or drop size, is shown in figures
1-27 and 1-28. The plots are in terms of exceedance probability; i.e., the probability that the given
parameter will be equalled or exceeded. A probability of 10 percent, for example, means that the

given parameter will be exceeded in one out of 10 icing encounters. For layer type clouds, the liquid
: water content for 10 percent exceedance is 0.5 to 0.6 g/m?, whereas it is 1.18 g/m® for cumuliform
i 5 clouds. For the same probability, the mean effective drop diameter is 18 to 21 microns, and the
maximum 23 to 27 microns. The temperature for this same probability level is 5° to -4 °F (-15 to
-20 °C), depending on the particular data source.
i Because of the horizontal variations of cloud structure, the average LWC for a long-duration
J encounter is substantially lower than the average for short-duration encounters. This is shown in
figure 1-30, where the maximum value for a 40-mi. encounter is 0.8 g/m?>, whereas for 200 miles,
it is 0.3 g/m?>. This variation is also shown in figure 1-31 in dimensionless form. For cumuliform
clouds, the LWC for a six-mile cloud is 0.85 of the water content for a three-mile cloud. For layer
clouds, the LWC for a 40-mile distance is 0.64 of that for a 10-mile distance, and at {50 miles is only
0.32 of the 10 mile value. The probability of encountering icing conditions in excess of specific

distances is shown in figure 1-32. From these data, it can be seen that 90 percent of all encounters
are for a distance of less than 53 nautical miles, and 99 percent are less than 123 nautical miles. These
variations of LWC with distance are of interest primarily tor predicting the amount of ice
accumulation on unprotected components for various flight conditions.

RPN VIR,

As shown in figure 1-33, low-level stratiform icing rarely occurs below 0 °F. At higher levels
(up to 22,000 ft.), the minimum icing temperature is -22 °F (-30 °C). The icing eavelope for
cumuliform clouds is somewhat more narrow than for stratiform clouds, as ~hown in figure 1-34. The
minimum altitude for cumuliform clouds is 4,000 ft., and the maximum (for these data) is 24,000 ft.
The temperature range is more restricted for cumuliform clouds at a given altitude than for stratiform
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clouds. The icing envelopes shown here were used as a basis for the FAR 25 transport category
airworthiness requirements.

For some types of icing studies, it may be convenient to define an average or most probable icing
temperature versus altitude (figure 1-36). At sea level, the most probable icing temperature is 26 °F
(-3 °C) decreasing to ~11 °F (-24 °C) at 20,000 ft. At the higher altitudes (16,000 to 24,000 ft.), the
probable icing temperature is very close to the ICAO Standard Atmosphere temperature.

The probability of encountering icing when flying in clouds is of particular interest. It may be
seen in figure 1-37 that at ambient temperatures of 14 to 32 °F (-10 to 0 °C) (where icing is
encountered most frequently) about 40 percent of the flights through clouds will result in ice
accumulation. At lower temperatures, the frequency of icing in clouds is much lower; about six
percent at ~22 °F (-30 °C).

1.2.3 Variations with Season

The summer or warm season months create large warm air masses which can contain large
amounts of water vapor. The high temperatures can also create temperature instability leading to
strong convective up-drafts which in turn cause cumuliform cloud formations which have relatively
high LWC values. These formations can create very severe local icing encounters.

The winter or cool season with large cold air masses contain much less water vapor due to the
lower temperatures. The cool air masses create more stable temperature environments ieading to the
creation of stratiform cloud systems instead of the cumuliform systems of the warmer season. The
lower freezing temperature of winter, however, leads to the increased likelihood of aircraft icing
encounters (reference 1-2) plus the time in the cloud formation can be extensive, thus creating a
critical icing environment.

1.2.4 Variations with Geography

Cloud data for the continenta) United States have been grouped by NACA (reference 1-11 and
1-20) inte three geographical regions; Eastern United States, Plateau, and Pacific Coast (figure 1-38).
The boundary between the Eastern and Plateau is the eastern border of Montana, Wyoming, Colorado
and New Mexico while the boundary between the Plateau and Pacific Coast is the eastern border of
Washington, Oregon and California.

Areas of greatest icing concern in the United States are the Great Lakes, coastal areas, and
mountainous regions, aithough cold fronts with freezing rain and/or other icing condition can occur
in most areas. Thc Great Lakes and coastal areas, particularly near the Gulf Stream, enhance e
possibility of encountering high values of liquid water content due to the "lake effect” phenomenon.
Large bodies of water add moisture add heat to the lower layers of a cold airmass. This induces
instability, resulting in convection. Forced lifting of air on the windward side of mountaincus areas
(orographic effect) cause the air 1o cool and clouds to form if there is adequate moisture. If the air
is stable, the clouds will be stratiform. If it is conditionally unstable, convection wit eccur and

I1-6




cumulus clouds will form. The Appalachian and Pacific Coast mountains cause significant crographic
effects. A warm, moist maritime influence may greatly enhance this effect along the higher Pacific
Coast ranges (reference 1-20).

1.2.5. Cloud Liquid Water Content

Liquid water content (LWC) is the most important factor in aircraft icing. However, the concept
of droplet critical diameter must be understood before the importance of liquid water as the primary
contributor to aircraf't icing, over temperature and drop size distribution, can be accepted. (See Section
[1.2.6)

In a recent study on clouds under 10,000 feet AGL, supercooled LWCs as high as 1.7 g/m? in
convective clouds and 1.1 g/m? in layer clouds have been reported (reference 1-20). Theoretically,
convective clouds may have LWCs greater than 1.7 g/m° below 10,000 feet if the bases are warm and
occur below 4000 feet AGL, but none were found. In this study only 4 cases of LWCs greater than
1.4 g/m® were found and in this group, horizontal extents were less than 5 miles, MVDs were less than
22 microns, and temperatures were warmer than -10° C. LWCs of less than 1.1 g/m? observed in 99%
of the data and less than 0.6 g/m® in 95% of the data for all cloud types.

The largest LWCs occur in cumulus and cuinulonimbus clouds, generally from 100 to 300 nautical
miles behind a cold front, in maritime air masses, or in areas of orographic lifting. In the United
States, supercooled convective clouds are rarely observed at altitudes below 3000 feet AGL, except
in mountainous areas.

1.2.6 Cloud Droplet Size Distribution

Cloud water droplet sizes are not uniform but extend over a range of droplet diameters, called
a distribution. The total liquid water content can be calculated if the number of droplets
(concentration) are grouped by droplet size diameters. In most cases, the entire distribution can be
represented adequately by the median volume droplet diameter (MVD). That is, one-half of the mass
volume of water in the cloud (sample) is contained in drops larger than the MVD value, and half in
drops smalier. However, in some cases, particularly for clouds where the MVD is smalil and the
distribution of particle sizes varies widely from the median, it may be desirable to model the entire
range of droplet sizes. This is imperative for obtaining more precise ice accretion rates because of the
critical dropsize diameter concept (reference 1-36). This concept recognizes that for a given
component of an aircraft, drops less than a coertain diameter will remain in the freestream and not
impinge on the component. Therefore, the liquid water contained in these smaller drops will not
contribute to ice accretion. Each component (size) has it’s own critical dropsize diameter. The FAR
25, App. C, design enveloprs were developed with this concept in mind and cloud droplet
concentrations with MVD’s less than 15 microns were ommitted from the design envelopes.

Langmuir & Blodgett (reference 1-23) developed a theoretical family of drop size distributions
based on percentages of LWC. These are traditionaily used for estimating the rate of water
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impingement on an airfoil (See table 1-1). Some researchers have reported (reference 1-35) that the
Langmuir distributions are not too representative of real cloud droplet distributions.

1.1.3 ICE CRYSTALS

lce crystals 2re varicus macroscopic crystalline formations with a basic hexagonal symmetry
although, depending on the condition of temperature and vapor pressure, the simple hexagona!l pattern
may be almost undiscernible. Ice crystals are common in the atmosphere with the high clouds (>20,000
feet) being formed almosl entirely of ice crystals.

lce crystals are created by the formation of a crystalline structure about microscopic nuclei or
by the freezing of very small supercooled droplets. The median concentration is 114 crystals/{t’
(4/liter) with 15% of the measured concenirations less than 7.1/ft® (0.25/liter) and 15% greater than
2860/1t° (100/liter) (reference 1-20).

it is believed that the co-existence of ice crystals aud supercooied water drops is only a transitory
stage as the cloud progresses to a pure ice crystal cloud.

Ice crystals aione do not constitute a critical airframe icing problem but should be considered in
air compressor systems, total pressure probes, and engine and/or inlet systems where extreme bends
or flow reversals exist.

1.1.4 SNOW

Snow is formed by the crystallization (sublimation) of water vapor at temperatures below
treezing.  This process creates ice crystals which combine to form snowflakes, the optimum
temperature being just below treezing. Snow can be said to dry out the air since any supercooled water
present with snow will have a greater vapor pressure than the snow, thus a mass water transfer will
tuke place from droplets to the ice particle (snow). This growth mechanism is called the Bergeron
process after the Swedish meteorologist who first suggested the process (reference 1-29).

Cold (dry) snow by itself is not critical to airframe icing but in combination with supercooled
droplets (mixed conditions) or at temperatures only slightly below freezing (wet snow) can create
conditions where ice accretion is extremely rapid. For engine and/or inlet systems, the same caution
applies to snow as to ice crystals. Care should be exercised during taxiing in snow since snow can
collect and freeze on lifting surfaces and significantiy change the aircraft performance and stall

characteristics.

1.1.5 MIXED CONDITIONS

Mary encounters are of a mixed media consisting of ice crystals and/or snow in combination
with supercooled water droplets. The mixed cloud condition is basically an unstable condition and
is extremely temperature depeadent and may change quite rapidly. This condition can be very critical
from an icing standpoint because the aggregate of impinging ice crystal/snow and water droplet can
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adhere rapidly and roughly to the airframe, causing significant reduction in aircraft performance
(reference 1-24 and 1-27).

1.1.6 FREEZING RAIN

Freezing rain is precipitating supercooied water droplets (usually not colder that about 25° F.)
which freeze upon impact with the ground or any exposed surface. The temperature of the impacted
surface must initially be below freezin;. Droplet sizes are large, approximately 1,000 microns in
diameter, and liquid water contents average 0.15 g/m> Norm.lly, freezing rain occurs in the altitude
range 0 to 5,000 feet (0 - 1.5 km) ASL and is associated with a melting layer or inversion (i.e.,
increasing air temperature with height) (reference 1-25). In general, pilots are cautioned to avoid
flying in freezing rain conditions because rapid ice aceretion on all surfaces results in rapid reduction
of aircraft performance and loss of windshield visibility,

1.1.7 FREEZING DRIZZLE

Although formed by a different process, the primary d.tference from (freezing) rain is a smaller
drop size, nominally 200 - 500 microns. Drizzle forms by the coalescence and freezing of cloud
droplets and has the appearance of fog except that the slightly larger droplets are affected by gravity
and settle slowly to the ground, remelting into water. Freezing drizzle occurs when the drizzle (very
small) droplets fall through a layer of below freezing tempeature, supercool, and freeze upon impact
with aircraft or the ground (reference 1-25),

Glaze icing is major concern in both freezing rain and freezing drizzle. Care should be exercised
both in-flight and taxiing since glaze ice can collect quite rapidly on all surfaces even during short
exposures,

1.1.8 HAIL

Hail is small balls or chunks of ice with diameters of 0.2 to 3 inches that are developed within
cumulonimbus clouds. Hail commonly are spherical in shape with concentric layers of alternately clear
and opaque ice resulting from the freezing of rain drops during successive updrafts and downdrafts
within the cumulonimbus cloud.

The largest size hailstones and greatest frequency of occurrence in a mature cell is usually
beiween 10,000 and 30,000 feei, but encouniers of hail can occur in clear air cutside the storm co
(reference 1-29).

Hail can also include other forms of frozen precipitation with differing origins. Snow pellets are
white, opaque sphercidal-shaped ice particles with diameters generally 0.1 to 0.2 inches (2 to 5 mm).
Snow pellets are also known as soft hail or graupel. The smaller form of ice (<I mm) and of a
somewhat flattened shape is known as snow grains.

Ice pellets are another form of solid frozen precipitation but, unlike snow pellets, are transparent
or translucent spheroidal shapes with diameters generally less than 5 mm. These normalily originate
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as rain or melted snow flakes which are frozen by a cold air layer near the ground. They are also
known as sleet. The term "sleet" has colloquially been used to refer to a mixture of snow and rain.

Hail in itself will not create un icing hazard. It can, however, create structure damage from
impact of the larger hail and/or surface erosion from the smaller particles.

I.1.3 SLEET
Sleet is technically the same as ice pellets but is commonly thought of as snow pellets or snow
grains described in Section L1.8.

1.1.10 SUPERCOOLED FOG (1CE FOG)

Supercooled fog is identical to a supercooled ¢loud except for altitude. Supercooled fog can have
the same effect as freezing drizzle. Ice fog has been used interchangeably with supercooled fog but
technically represents a fog composed of ice crystals normally in the order of 12 to 20 microns.

Cautions for ground icing are described in Sections 117 and Li.11,

1.1.11 FROST

Frost is a thin layer of crystalline ice that forms on exposed surfaces when the temperature of
these surfaces drops below 32 °F (0 °C) even though OAT may be above freezing. Ice deposition
occurs when air with a below-freezing dewpoint becommes saturated as 4 result of nighttime radiational
cooling. Frost formation may also occur when a cold aircraft in flight enters an area of warm, moist
air or supersaturated air. Frost is a deceptive form of icing that affects the 1ift/drag ratio and causes
early airflow separation (reference 1-26).
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TABLE 1-1. LANGMUIR AND BLODGETT DROPLET SIZE DISTRIBUTIONS
(REFERENCE 1-23)

Distribution(s) of avg, dia.

Total LW in MVD

Each Size Group
% A B C D E
5 1.00 0.56 0.42 0.31 0.23
10 1.00 0.72 0.61 0.52 0.44
20 1.00 0.84 0.77 0.71 0.65
30 1.00 1.00 1.00 1.00 1.00
20 1.00 1.17 1.26 1.37 1.48
10 1.00 1.32 .51 1.74 2,00
5 1.00 1.49 1.81 2.22 2.71

Column A represents the highly unlikly distribution where all drops have the same size diameter equal
to the MVD (monodispersion),

Columans B thru E represents distributions with increasing ranges of drop diameter sizes about the
MYVD value of central tendency.

Example subjecting MVD 20 to a B distribution:
5 % of the LWC is contained in drops of 11,2 microns diameter (20 x 0.56).

ie. 5% of the LWC is contained in drops
whose diamcter gverages 56% of the MVYD,

10 % of the LWC is contained in drops of 14.4 microns diameter (20 x 0.72),
20 % of the LWC is contained in drops of 16.8 microns diameter (20 x 0.84).
30 % of the LWC is contained in drops of 20.0 microns diameter (20 x 1.00).
20 % of the LWC is contained in drops of 23.4 microns diameter (20 x 1.17).
10 % of the LWC is contained in drops of 26.4 microns diameter (20 x 1.32).
5 % of the LWC is contained in drops of 29.8 microns diameter (20 x 1.49),

NOTE: Langmuir & Blodgett developed this theoretical family of drop size distributions
related to percentages of LWC, They are traditionally used for estimating the rate
of water impingement on an airfoil. However some researchers have reported
(reference {~-35) that the Langmuir distributions are not too representative of real
cloud droplet distributions.
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! TABLE 1-2. GEOGRAPHICAL DISTRIBUTION" OF AVAILABLE MODERN DATA OVER THE
! CONTERMINOQUS UNITED STATES (Reference 1-20) .

LAYER CLOUDS

Pacific Regi Pl Regi Eastern Resi
Max LWC (g/m®) 1.1 0.3 0.6
‘ Avg LWC (g/m?) 0.2 0.1 0.2
% Max MVD (microns) 32,0 19.0 30.0
! Avg MVD (microns) 18.0 13.0 12.0
[ Min MVD (microns) 7.0 6.0 3.0
o Avg OAT (°F) 24.8 104 12.2
Min OAT (°F) 21.2 3.0 -13.0

CONVECTIVE CLOUDS

Max LWC (g/m?) 1.7 - 1.2

Avg LWC (g/m®) 0.4 - 0.5

Max MVD (microns) 32,0 - 21.0

o Avg MVD (microns) 19.0 - 15.0
‘ Min MVD (microns) 13.0 - 9.0 0

A Avg OAT (°F) 17.6 - 21.2

' Min OAT (°F) 1.4 - 15.8

*Geographical Regions are shown in Figure 1-38




TABLE 1-3. CONVERSION FACTORS

1000 microns = 1,0 millimeter
1 nautical mile = ].852 kilometer
= 1,1508 statute mile

|

|

| = 6076.103 feet
|
1

1 liter = | .06 quart
= (.26 gallons

I gram = (.035 ounces

1 cubic meier = 35.0 cubic feet
= 1.3 cubic yards

TEMPERATURE CONVERSION

i 0 degrees Ceisius = 32 degrees Fahrenheit
‘ -40 degrees Celsius = -40 degrees Fahrenheit
*C=35/9 (°F - 32) °F = 9/5 °C + 32
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FIGURE 1-3. SCATTERPLOT OF OBSERVED LNC, MVD COMBINATIONS IN THE MODERN DATA
FOR LAYER CLOUDS UP TO 10,00G FEET AGL AND FOR CLOUD TEMPERATURES FROM 14 TO
32 DEGREES FAHRENHEIT, The various plotting symbols represent various data
sources as indicated in the key, The size of e¢ach plotted symbol is propor-
tional to its weight (i.e., the observed horizontal extent of the associated
icing event) as shown by the scale above the graph. The center of each
plotted symbol corresponds to the average (and approximately constant) value
of LWC and MVD observed during the icing event. Values of LWC for which no
MVD measurements are available are plotted arbitrarily at 1 micron MVD., A
total of 1,320 data miles is represented in this graph. The Continuous Maxi-
mun envelope from Figure 1 of FAR-25, Appendix C, is superimposed for compari-
son. The other smooth curve is the observed, apparent limit to the Continen-
tal U.S. data for this temperature interval. (Reference 1-20.)
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plotted symbol corresponds to the average (and approximately constant) value
of LWC and MVD observed during the icing event., Values of LWC for which no
MVD measurements are available are plotted arbitrarily at 1 micron MVD, A
total of 1,180 data miles is represented in this graph. The Continuous Maxi-
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event. A total of 2,660 data miles is represented in this graph. (Reference
1-20.)
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L0 1.5 statistical weight (i.e., the observed horizontal extent of the associ-
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of LWC and OAT obseryed during the icing event. The solid line represents the
apparent upper limit to LWC as & function o° temperature for Continental U.S.
supercooled layer clouds bzlow 10,700 feet AGL. The position of the line is
based on the maximum LWC values in the combined original data (presented in
Reference 1-1) aud modern data sets. A total of 2,660 data miles is repre-
sented in this graph. (Reference 1-20.)
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graph. ({(Reference 1-20.)
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encounter is defined as a series of one or more iciny events traversed consec-
utively until a cloud gap of 1 nautical mile or more is reached, The horizon-
tal extent of the encounter is the sum of the horizontal extents of the
component icing events but does not include the extent of permissible cloud
gaps. Data are for all supercooled cloud types at altitudes up to 10,000 feet
AGL and for all observed cloud temperatures below 32 deyrees Fahrenheit. A
total of 3,645 data miles is represented in this graph, The different plot-
ting symbols represent different data sources as indicated in the key. The
curved line is the 99th percentile of horizontal extent for these encounters
as & function of average IWC, (Reference 1-20.)
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component icing events but does not include the extent of permissible cloud
gaps. Data are for all supercooled cloud types at aititudes up to 10,000 feet
AGL and for all observed cloud temperatures below 32 degrees Fahrenheit. A
total of 3,645 data miles is represented in this graph, The different plot-
ting symbels represent different data sources as indicated in the key. The
curved line is the 99th percentile of horizontal extent for these encounters
as a function of average LWC. (Reference 1-20.)
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FIGURE 1-11. SCATTERPLOT OF MODERN OBSERVED HORIZONTAL EXTENTS OF ENTIRE
ICING ENCOUNTERS VS, AVERAGE LWC OVER THE ENCOUNTER. In this figure, an icing
encounter is defined as a series of one or more icing events traversed consec-
utively until a cloud gap of 10 nautical miles or more is reached. The hori-
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component icing events but does not include the extent of permissible cloud
gaps, Data are for all supercocled cloud types at altitudes up to 10,000 feet
AGL and for all observed cloud temperatures helow 32 degrees Fahrenheit, A
total of 3,645 data miles is represented in this graph. The different plot-
ting symbols represent different data sources as indicated in the key. The
curved iine is the 99th percentile of horizontal extent for these encounters
as a function of average LWC., (Reference 1-20.)
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FIGURE 1-14. SCATTERPLOT OF OBSERVED LWC, MVD COMBINATIONS IN THE MOODERN DAYA
FOR CONVECTIVE CLOUDS UP TO 10,000 FEET AGL AND FOR CLOUD YEMPERATURES FROM 14
TO 32 DEGREES FAHRENHEIT. The various plotting symbols represent various data
sources as indicated in the key. The size of each plutted symbol! is propor-
tional to its weight (i.e., the observed horizontal extent of the associated
icing event) as shown by the scale above the graph. The center of each plot-
ted symbol corresponds to the average (and approximately constant) value of
LWC and MVD observed during the icing event, Values of LWC for which no MVD
measurements are available are plotted arbitrarily at 1 micron MVD, A total
of 734 data miles is represented in this graph, The Intermittent Maximum
envelope from Figure 4 of FAR-25, Appendix C, is superimposed for comparison.
(Reference 1-20.)
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TO 14 DEGREES FAHRENHEIY. The various plotting symbols represent various data
sources as indicated in the key. The size of each plotted symbol is propor-
tional to it: weight (i.e., the observed horizontal extent of the associated
icing event) as shown by the scale above the graph. The center of each plot-
ted symbol corresponds to the average (and approximately constant) value of
LWC and MVD observed during the icing event, Values of LWC for which no MVD
measurements are available are plotted arbitrarily at 1 micron MVD, A tctal
of 244 data miies is represented in this graph. The Intermittent Maximum
envelope from Figure 4 of FAR-25, Appendix C, is superimposed for comparison,
(Reference 1-20.)
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DATA FROM SUPERCOOLED CONVECTIVE CLOUDS UP TO 10,000 FEET AGL. The various
plotting symbols represent various data sources as indicated in the key., The
size of each symbol is proportional to its statistical weight (i.e., the
observed horizontal extent of the associated icing event) as shown by the
scale above the graph, The center of each plotted symbol corresponds to the
average (and approximately constant) value of altitude and OAT observed during
the icing event, A total of 980 data miles is represented in this graph,
(Reference 1-20.)
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CWVECTIVE CLOUDS UP TO 10,000 FEET AGL. The various plotting symbols repre-
sent various data sources as indicated in the key. The size of each symbol is
proportional to its statistical weight (i.e., the observed horizontal extent
of the associated icing event) as shown by the scale above the graph. The
center of each plotted symbol corresponds to the average (and approximately
constant) value of LWC and OAT observed during the icing event, The solid
1ine bounding the data points the apparent upper 1imit to LWC as a function of
temperature for Continental U.S. supercooled convective clouds below 10,000
feet AGL. The position of the line is based on the maximum LWC values in the
combined original data (presented in Reference 1-1) and modern data sets. A
total of 980 data miles is represented .in this graph. (Reference 1-20.)
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proportional to its statistical weight (i.e., the observed horizontal extent
of the associated icing event) as shown bv the scale above the graph. The
center of each plotted symbol corresponds to the average (and approximately
constant) value of MVD and OAT observed during the icing event. The solid
line bounding the data points the apparent upper 1imit to MVD as a function of
temperature for supercooled layer clouds below 10,000 feet AGL. The position
of the line is based on the extreme MVD values in both the original data
(presented in Rkeference 1-1) and modern data sets, The data points plotted at
1 micron MVD are those for which the MVD values are actually unknown, A total
of 980 data miles is represented in this graph. (Reference 1-20.)
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FIGURE 1-19. CUMULATIVE VARIATION WITH ALTITUDE FOR SUPERCOOLED LMC FROM ALL
CLOUD TYPES AS RECORDED IN THE ENTIRE CUNUS DATA BASE. At each 1000 ft. level
the nth percentile curves indicate the value of LKC that was unexceeded in n%
of the data miles accumulated at all altitudes below the specified level. The
right-hand column of numbers gives the number of data miles recorded within
each 1000 ft, interval. A total of 6,660 data miles is represented in this
figure. (Reference 1-20.)
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encounter is a series of consecutive icing events added together sequen.ially
until a gap of some specified duration (3 nautical miles for this case) is
reached. At each 1,000 Toot level, the nth percentile curves indicate the
horizontal extent which was unexceeded in n percent of the extended encounters
within the 1,000 foot altitude interval immediately below., The right-hand
column of numbers give the number of data miles contributing within each 1,000
foot interval. A total of 2,675 data miles is represented in this figure,

(Reference 1-20,)

I 1-35




EXTENT (km) OF "CONTINUGUS' ICING
2 20 42 6@ 80 100 120 148 160 180

31 10
Brmi
P
88nmi _J
8 ()
-
L_DJ 258nmi -
< -+
99nmi 22
e p u
= 278nmi g
=
léj’ 166nmi —
-~
= 4
— . wJ
’-4-
-1 f ;_E)
- l7nrni ——
. [ —
;;t'm‘ f::l.: ——— . 2 1
o0y [T T Brmi <
172 § L
Brmi
B @

D 16 20 30 48 58 68 79 80 90 180
EXTENT (mmi) OF ‘CONTINUCUS® ICING

FIGURE 1-2]1. ALTITUDE VARIATION (OF HORIZONTAL EXTEMTS OF EXTENDED ICING
ENCOUNTERS IN CONVECTIVE CLOUDS AS OBSERVED IN THE MODEIN DATA. An extended
encounter is a series of consecutive icing events added together sequentially
until a gap of some specified curation (3 nautical! miles for this case) is
reached. At each 1,000 foot level tha nth percentile curves indicate the
horizontal extent which was unexceeded in n percent of the extended encounters
within 1,000 foot altitude interval immediately below., The right-hand column
of numbers give the number of data miies contributing within each 1,000 foot
interval. A total of 985 data miles is represented 1in this figure.
(Reference 1-20,)
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' FIGURE 1-40. DOIAGRAM OF OROPLET DISTRIBUTIOK IN CUMULUS CLOUD. I-Zone of
! newly formed droplets; II-zone of droplet growth due to condensation and coal-
S escence; [II-zone of the largest droplets growing mainly due to ooalescence;

; IV-peripheral zone of fractional evaporation of droplets. The heights shown
i are heights above cloud base. (Reference 1-31.)
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SYMBOLS AND ABBREVIATIONS

D e
Area (ft2)

Accumulation parameter, dimensionless

Air Force Flight Dynamics Laboratory

Advisory Group for Aerospace Researc.. and Development

American Institute of Aeronautics and Astrenautics

Airfoil chord length (I't)

Degrees Celsius

Drag coefficient of aircraft or arbitrary body, dimensionless

Drag coefficient of airfoil, dimensionless

Lift coefficient of airfoil or arbitrary body, Cimensionless

Lift coefficient of airfoil, dimensionless

Moment coefficient of airfoil, dimengionless

Contractor Report

Derivative of the volume with respect to the droplet diameter §

Total impingement or collection efficiency for an airfoil or body, dimensioniess
Degrees Fahrenheit

Giams per cubic meter

Projected height of a body, ft or dimensionless, or

Pressure altitude, or

He=at transfer coefficient

Diroplet inertia parameter, dimensionless

Modified droplet inertia parameter, dimensioniess

Knots Indicated Air Speed

Ice thickness (airfoil chords)

Liquid water content (g/m3)

Mass of water impingement per unit spar for an icing sncountzr, 1bm/ft. span

Rate of water impingement per unit span per unit time, lbm/min-ft. span
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Median volume diameter (um)

Freezing fraction, dimens-onless

Natiouiii Advisory Committee for Aeronautics
National Aeronautics and Space Administration
Nativnal Research Council (Canada)

Degrees Rankine

Freestream droplet Peynolds number, dimensionless
Local relative droplet Reynolds aumber, dimenszonless
Surface distance variable

Society of Automotive Engineers

Temperature (°F)

Technical Memorandum

Technical Note

Technical Report

United States Army Aviation Engineering Flight Activity
Yelocity, knots

Wright Air Development Center

Droplet position vector
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Y-coordinate in freestream of lower tangent trajectory
&Yy =Yy - Y "freestream impingement width"
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med
max
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Angle of attack (degrees)

Local impingement efficiency at a location on an airfoil or body, dimensionless
Droplet diameter {pm)

Viscosity (slugs/ft.-sec.)

Density of air (slugs/ft3)
Density of ize (slugs/ft>)

Density of water (shm/ft’)

Icing time (duration of encounter), minutes

Air

Ice

Local

Lower surface

For the median volume droplet diameter
Maximum
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Upper surface

Water

Denotes freestream conditions

Indicates impingement terms computed over a droplet spertrum
Derivative with respect to time
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GLOSSARY

flux - Rate of flow per unit area. m
impingement efficiency curve {(B8-curve} - A plot of the local impingement parameter B versus the

surface distance parameter S for an airfoil or other two-dimensional object.

liguid water content (LY C) - The total mass of water contained in all the liquid cloud droplets within
a unit volume of cloud. Units of LWC are usually grams of water per cubic meter of air (g/m3)‘

median volumetric diameter (MYD) - The droplet diameter which divides the total water volume
present in the droplet distribution in half; i.e., half the water volume will be in larger drops and half
the volume in smaller drops. The value is obtained by actual drop size measurements.

micron (um) -~ One millionth of a meter.
stagnation point - The point on a surface where the local free stream velocity is zero. It is also the

point of maximum collection efficiency for a symmeiric body at zero degrees angle of attack.

B-curve - See "impingement efficiency curve.”
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12.0 AIRCRAFT ICE ACCRETION
1.2.1 INTRODUCTION

Ice may form at various locations on an aircraft when the aircrafy is flying in a supercooled
cloud, that is, a cloud whose droplets are beiow 0 "C in temperature. If cloud droplets impinge on a
surface and then freeze, ice is said to accrete and the ice that forms is called an accretion. Whether
ot not ice accretes, and the type, amount, shape, and extent of the ice if it does sccrets, depend upon
atmospheric variables such as air temperature, cloud liquid water contsat, droplet size, and aircraft
variables such as airspeed, rotary forces, exposure time, component sizs and geometry, znd component
skin temperature. These matters are discussed i Section 2, "Phy.ics of Ice Accretion.”

Section 3, “Aerodynamic Penzlties Due to lcing,” addresses loss of lift and increase in drag of
airfoils and deterioration in aircraft performan~e due to ice accretion. Specific icing effects on
engiines as well as icing problems of helicopters aze also discussed.

The information presented here is useful for both unprotected and protected susfaces.
Aerodynamic peaalties resulting from the preseace of the ice can be significunt for any unprotected
surfaces and also for surfaces protected by de-icing systems, since these systems allow some ice
build-up between ice sheds. Although anti~icing systems allow litlie or a0 ice build-up, they still
require for their design such information as droplet impingement limits and mass flux.

Ice forms on aircraft not only in supercooled clouds but alsc under certain cother couditions,
pasticularly freezing rain. However, only ice accretion in supercooled clouds will be addresscd in
this section.

Since computer codes to predict droplet isupingement, ice accretion and performance degradaticn
are addressed in Chapter 1V, Section 2, they will not be discusssd here. Ouly fundamentals will be
covered with enough experimental and theoretical data to illustist the iceas and to aid exgineers in
the preliminary design stage.

An "icing correlation” is an equation based upon experimantal data which is used to estimaie
some quantity of intercst in the study of aircrait icing, such as ihe increase in dreg of an airfuil
resulting froin ice accreted under given atmospheric ond flight conditions. It is usually based on data
taken in an icing tunnel, and thus depends on the calibration of that tunnel, If it involves airfoils, it
will cepend on the airfoils included in the study. For these reasons, although a number of “icing
correlations” will be mentioned in this section, none wiil be given in equation form. Many icing
correlations are based on thorough and well done siudies and can ve very useful, bui they shouid not
be used by an engincer until he has consulted the studies themselves to judge if they are applicable
to the problem and data that he is o Iressing, considering especially the calibration of his facility and
of that used for the study. The inclusion of such correfations in 2 handbcok, where limitations of
space preclude a thorough discussion, could result in their misuse.

I2-1
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1.2.2 PHYSICS OF ACCRETION

The physics of ice accretion is divided here into three subtopics. The f. ., droplet impingement,
has been the most fully developed mathematically and also possesses a large ¢.:a bank of experimental
results. The second, ice accresion, concerns what happens to the liquid waier after it impinges on a
surface (e.g., does it run back, and if so, under what conditions?) and the nature of the ice accretion
that results. Although much progress has been made in this area, fundamental problems remain. The
third, ice adhesior, concerns maginly the stvength of forces holding accreted ice to a surface and how

they are affected by variables such as temperature. Some useful information is available, mainly of
an experimental nature,

2.2.1 Droplet Impingeient

If an aircraft is flying through a supercooled cloud, droplets will strike some of the aircraft
surfaces. Viewed from the perspeciive of a coordinate system attached to the aircraft, the droplets
approach the siicraft and either hit it or fly by. The path followed by a particular droplet is called
a dropiet trajectory. If the trajectory intersects as aircraft surface, the droplet is said to impinge
upon that surface. The impingement properties of the various aircraft surfaces are of central
importance to any discussion of aircraft icing.

In this chapter, much of the discussion pertains to two cases, both two-dimensional: an airfoil,
representative of a wing cross section, and a cross section of a c¢ircular cylinder. The reason for this
concentration is that these cases have been the most intensivaly investigated, both experimentally and
computationally. Furthermore, the definitions used in these cases generadize ia a fairly straightforward
way to inore combplex two-dimensional geometries as well as to three-dimensional geometries. (The
computational requirements tend to increase dramatically, however,) A good deal of very valuable

three-dimensional work, both experimental and computational, ljgs been done in the las: few years,
and this will also be surveyed.

2.2.1.1 Dxoplet Trajectory EqQuation

(Section 2.2.1.1 and 2.2.1.2 are based primarily on reference 2-1, which draws heavily on the basic
treatment of droplet tiajectories presented in reference 2--2.)

‘The liguid water content of supercooled ciouds rarely exceeds 1.0 grams of liquid water per

cubic meter of air. This means that a cloud is vaiely moie thun one-miiiionth iiguid water by volume.
Due to this low concentration of water droplets in the freestreamn, the flow mway be considered
unccupled, meaning that the influcnce of the droplets on the flowiieid can be neglected.




Supercooled water droplets in the atmosphere usually have diameters of less than 60 microns
and experience Reynolds numbers small enough to permit their treatment as essentially spherical.
(Although this is the universal computational practice, it has been argued that a droplet experiencing
large accelerations in the vicinity of an ice accretion may assume a non-spherical shape which would
alter its coefficient of drag and hence its trajectory (reference 2-3).)

Consider the trajectory of a single droplet approaching a body. The droplet trajectory equation
is obtained by applying Newton’s Second Law.-'I-t- m?. to the droplet. This equation can be expressed
as

mEEP+M+ mg+B+D (2-1)

where x is the position vector of the droplet, t is time (the acceleration_g is of course equal to the
second derivative of x with respect to time),_P)i_sy the pressure gradient term._l\-d’a is the appar_e_x:t mass
term, m_g' is the gravity force or “settling” term, B is the Bassett (unsteady) history force, and D is the
drag force. The f ox’ces?and ﬁa are ordinarily neglected because the density of the particle (water
droplet) is much greater that of the fluid (air) and the force mg can be neglected because of the very
small mass of su__)percooled water droplets.

The force B accounts for the deviation of the flow pattern around the particle from that of
steady state and represents the effect of the history of the motion on the instantaneous force (reference
2-4). It is essentially a correction to the drag term for an accelerating sphere. An accelerating sphere
experiences a lower drag coefficient since it takes the flowfield some finite time to respond to the
changing velocity and droplet Reynolds number. The term is significant if the particle density is of
the same order as that of the fluid (which is not the case here), or if the particle experiences "large"
accelerations. Droplets experience their largest accelerations when in the leading edge region of an
airfoil, and the accelerations are larger yet if "glaze horns” are present, Norment (reference 2-5), using
the work of Keim (reference 2-6) and Crowe (reference 2-7), has argued that for the icing problem
the accelerations experienced by ihe droplets are not large enough for the Bassett term to be
significant. Lozowski and Oleskiw (reference 2-8j included the Bassett term in the droplet trajectory
equation used in their droplet trajectory and impingement code (Chapter 1V, Section 2). They state
that their resuits suggest that "in most cases .., the term may be ignored without geverely affecting the
accuracy of the calculations” (reference 2-8, p. 11). The Bassett force will be neglected in the rest
of this discussion,
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The drag term, D, can be expressed as

B-%pcnsli’-ﬂd_% (@ - 9X) (2-2)

W is the local flowfield velocity vector, S is the cross sectional area of the sphere (or the projected
frontal area of the sphere), and Cp is the drag coefficient, Note that the drag is evaluated using the
velocity of the droplet with respect 1o the local airstream; this is sometimes called the “slip velocity.”

All the terms on the right hand side of equation 2-1 other than D are now dropped and equation
2-2 is used to substitute for D; this yields

&% _34%C |—+_d"x'| (¥ -

ad TATR, 3

where the equation has been divided by the mass m of the dropiet, § is the droplet diameter, and

A is the droplet density and P, is the air density.

A standard drag curve (figure 2-1) for a sphere has been established by bringing together
experimental results from many sources (reference 2-9). Only a limited range of this curve need be
fit for supercooled water droplets, since the relevant droplet Reynolds numbers rarely exceed 500.
A number of different fits are available, some of which are discussed in reference 2-1.

2.2.1.2 Modified Droplet Inertia Parameter

Equation (2-3) will now be nondimensionalized in order to introduce the inertia parameter K and
modified inertia parameter KO (both further discussed in Chapter IV Section 2) Lettmg x and y be
the components of the vector x, x, define the nondimensional variables x = x/c, y =y/cC, t = t/(c/V a0)s
where ¢ is a characteristic length, t is time, and V, is the freestream airspeed. If the asterisks are
suppressed after the equation is suitably rearranged, the nondimensional equation is

d3% 1 Cp Re (- d'i’)

G K2 V- (2-4)

Now X is the dimensionless droplet position vector._ﬁ' is the dimensionless local flowfield velocity
vector, t is nondimensional time, Re, is the local relative droplet Reynolds number given by

= _dX
R, = 2 | - & (2-5
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(g is the viscosity of air) and K is the droplet inertia parameter given by

SV, _»p
K = 1 —o— — (2-6)

It can be seen from equation (2-4) that the trajectory depends upon K and CpRe(/24. But CyRe /24

can be shown (refcrence 2-2) to depend approximately upon Re, the free stream droplet Reynolds

number which is given by

A Voo
7 (2-7)

Re =

Therefore the droplet trajectory depends approximately upon Re and K oaly.
Langmuir and Blodgett (reference 2-2) combined Re and K into 8 single parameter K, referred
to as the modified inertia parameter, as follows:

Ko = K(g) (2-8)

The quantity in brackets, referred to as the range parameter, is the ratio of the trajectory distance of
a droplet in still air, with an initial Reynolds number of Re and gravity neglected, divided by the
trajectory distance if the drag is assumed to obey Stokes law. Using numerical methods, they obtained
a graph giving the range parameter as a function of Re (figure 2-2).

Bragg (reference 2-17) has interpreted Ko by rewriting Xquation 2-4 as

e S &

g Ry g = - (29

If some suitable average of the term in brackets on the left can be found over the entire trajeciory,
the droplet path becomes a function of just this single variable. Uunder typical icing conditions Ko
can be interpreted as such an average. Bragg also derived the following expression:

K, = 18 K [Re’?/? - %— Arctan -R:;/’

] (2-10)

Equation 2-10 is shown in reference Z-1 (0 be within 1 percent of Langmuir's calculated values uatil
Re approaches 1000 {much larger than the values for supercooled cloud droplets), where Langmuir’s
values diverge.

The approximate similarity parameter K has been introduced here because of its wide use in
icing calculations. As shall be seen, it greatly simplifies the presentatior of droplet impingement
data. Kq will be further discussed in Chapter IV, Section 2, where ice scaling is addressed and where
experimental and computational evidence will be presented in support of the use of K.
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Ky can be interpreted as relating the importance of droplet inertia to the importance of droplet
drag forces. For small values of Ko, drag predominates and the droplet tends to follow the flow
streamlines until very close to the body. If KO is small enough (~ .005), che droplet acts approxinately
as a flow tracer. For large values of Ky, droplet inertia predominates and the droplet departs
considerably from the flow streamlines as the body is approached. If K is large enough (~ 1.0), the
droplet trajectory is approximately a straight line. Figure 2-3 shows trajectories for two droplets, one
with a diameter of 5 ym and X = .011 and the other with a diameter of 50 um and Kq = .467. The
trajectories were computed with the computer code LEWICE, which is discussed in Chapter IV,
Section 2. The droplet trajectories initially coincide four chord lengths in front of the girfoil (not
shown in the figure) but diverge dramatically in the vicinity of the airfoil due to the large difference
in K between the two drops.

Bragg (reference 2-10) has derived another trajectory similarity parameter, K, for which he has
given a theoretical justification but which, nonetheless, has not as yet been widely adopted by other
workers. Kq and K are closely related and, in fact, differ by a constant factor if a simple drag law
is used in deriving K. Bragg shows that K is given approximately by

K- _g(c::5 :’J] (211

It follows that since Ko approximates K, Ko is approximately proportional to §3/ 3, to ul/ 3, and to
l/c.

Figure 2-4 illustrates graphically values assumed by Ky under the range of MVDs and velocities
that would ordinarily be experienced by a general aviation aircraft. The bottom panel is for a chord
size representative of a full scale wing and the middie panel is for a chord size represeatative of a full
scale horizontal stabilizer, both for a general aviation aivcraft, while the top panel is for a chord size
(6 inches) representative of an airfoil model. (Much research has been done with models of
approximately this size, although larger models are generally preferred in tunnels which can
accommodate them.)

Comparison among the three panels shows that Kg is a strong function uof chord size. In fact,
the largest value of K for a fuil scale wing is approximately equal to the smuallest value of Xy for
the model. Examination of any one of the three panels shows that Ky varies strongly with MVYD but
much more weakly with aircraft velocity. All these obsrcvations are in accordance with equation 2-
11. The reader may f{ind it useful to refer back to this {igure when studying the graphs presented
later in which the impingement parameiers E and Bmax {defined in the next section) are presented as
functions of Ko

Figure 2-5 is constructed in the same manner, but usiug typical maximum droplet diameiers
rather than MVDs, It is interesting to note that the contrast among the three panels is now more
pronounced due to the strong sensitivity of K to droplet diameter. Now the largest values of Kgeven
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for a full scale horizontal stabilizer are substantially smaller than the smallest values of Ko for the
model. This figure may be useful in interpreting the later graphs in which the impingement
parameters Sy; and Sp (defined in the next section) are presented as functions of KO‘

Example 2-1
An example of the calculation of K for an airfoil is now presented.

Airfoil: ¢ = 3.1 foot chord - NACA 0012
Flight Speed: V = 200 kt (230.16 mph)
Altitude: h = 10,000 ft (pressure altitude)
Ambient Temperature: T=15°F=474.7 R

Droplet Size: d = 20 microns

First fiad the air density and viscosity.
From the pressure altitude, P = 1455.6 psf (12.109 psi). Solve for the air density using

P
A * RT

L 14556 slug
f = TTI6(474.7) = -00VT8T T

For viscosity, oue can use the approximate relation by = 7.136x10710 T

K = 7.136x1070(474.7) = 3387x10° ’1'.1—35

Now calculate Re and K.
In these units Re is given by:

s Vvd
Re = 5.537x10°% =

B
Thus *
Re = 5.537x10°¢ Q0LT8K200)20 _ )
.3387x10
For K in these units:
P s U

-12 "a

K = ],958x10 7

Thus

3
K = 1.958x10°22 [(1 (2007 200 1 _ .

5.58 (.3387x10°%)
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If Langmuir and Blodgett’s graphical method is used, the problem is completed by using figure 2-2,
which shows that for Re = 116.8 the range parameter is approximately equal to .332,
Then

K, = x()%‘) = (.332)(.1492) = .0495
Alternately, if Bragg'’s result is used, calculate Ko using Equation 2-9:
K, = 18(.1492)[(116.8) "/ - Tf?i‘i Arctan Lﬁ%ﬁﬂl - .050
Summmarizing this procedure for the usual case where the aircraft geometry, flight speed, pressure
altitude, droplet size, and temperature are known:
i) From a standard atmospheric table obtain P from the pressure altitude, h.

2) Calculate the density:

P slugs
AT TIEEH 6+ T 1 (2-12)
3) Calculate the viscosity:
B = 71358 x 1079(T + 459.67) ;"7“& (2-13)

4) Solve for the droplet freestream Reyrolds number:

-8 P. vd
Re = 5,537 x 10 5 (2-14)
&
5) Solve for the droplet inertia parameter:
o &’V
K = 1.95 x 100 % (2-15)

6) Use Re and K to calculate the modified inertia parameter using either equation 2-8 and
figure 2-2 or clse using equation 2-10.
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2.2.1.3 Droplet Impingement Purameters

Several impingement parameters can be dzfined to characterize the impingement properties of
an airfoil or cylinder with respect to the cloud it encounters.

Figure 2-6 illustrates the definition of the impingement parameters Sy, S , &Y, h, and E for
an airfoil in a supercooled cloud. Let S denote arc length measured along the airfoil surface. It is
conventional to take S = 0 at the leading edge, and that is done here (aithough the reader should note
that it is sumetimes convenient to take S = 0 at the stagnation point instead). S is defined to be
positive on the upper surface and negative on the lower surface. SU and Sy are defined to be the
upper and lower limits of droplet impingement on the airfoil and are determined by the upper and
lower tangent droplet trajectories. Define a Y-axis that is perpendicular to the freestream velocity
and far enough in front of the airfoil (at least several chords) so that the flow is essentially undisturbed
by the presence of the airfoil; then the droplet trajectories can be taken initially to be parallel to one
another and to the freestream flow lines. The droplet trajectory which strikes the airfoil at its leading
edge intersects the Y-axis at a point which is taken to be Y = 0. The upper tangent trajectory
intersects the Y-axis at a point Yy and the lower tangent droplet trajectory intersects it ata point Yy .
Let AYy = Yy - Y refer to this as the "freestream impingement width." Let h be the projected
frontal height of the airfoil; note that this is a function of angle of attack. The total impingement (or
collection) efficiency E is defined as the ratio of the freestream impingement width AY to the
projected frontal height h, i.e.,

AY,
E=—Y (2-16)

E is the proportion of liquid mass crossing the Y-axis within the frontal projection of the airfoil and
ultimately striking the airfoil.

In equation (2-16), E is a dimensionless quantity, but AYO and h are not. However, it is
customary to nondimensionalize the latter two quantities by dividing them by the chord length c. A
different notation is not ordinarily introduced for nondimensional AY and h; in instances where the
meaning may not be clear from the context, it is explicitly noted if the dimensional or nondimensional
quantity is meant. Tables and graphs are available giving nondimensional AYq and h as functions of
Ky and angle of attack « for some airfoils, Nondimensional L&Y can be interpreted as follows:
consider a segment of the Y-axis of length equal to one chord and centered at the projected position
of the airfoil leading edge. AY) is the proportion of liquid mass crossing the Y-axis within the
segment which ultimately strikes the airfoil.

Figure 2-7 illustrates the definition of the local impingement (or collection) efficiency B8 at an
arbitrary point P on the airfoil. Let P lie between tie points of impact on the airfoil surface of two
droplet trajectories. The mass of water droj.lets betw=en the two trajectories a distance §Y apart in

the free stream (at the Y-axis) is distributed over a length S on the airfoil surface. Letting




h

B

8S approach 0 in such a way that P always falls between the impact points of the two trajectories, the
local impingement efficiency 8 at P is defined in the limit by the derivative

R (2-17)

The maximum value assumed by 8 anywhere on the airfoil surface is denoted by B.hax- Note also that

Sy
AY, = _[ B ds (2-18)
5

The imringement efficiency curve or B-curve is a plot of B on the vertical axis versus S on the
horizontal axis. This is illustrated in figure 2-8. The B-curve can be calculated numerically as
foilows: First, find the upper and lower tangent trajectories. These are ordirarily approximated
numerically by finding upper and lower trajectories which pass within a smal’ nrescribed distance ¢
of the airfoil without actually striking it. Second, calculate a set of trajectoriss U2iween the upper and
lower trajectories (figure 2-9). There is a Y value and associated S value for each trajectory. Third,
fita Y vs. S curve to the points (S, Y), as shown in figure 2-10. Fourth, approximate the derivatives
to the Y vs. S curve at a set of points; these derivatives are the Bs. Fii'th, fit a B-curve to the points
(S, B). Some researchers omit step three and simply approximate B; for (5;, Y;) by the ratio (Y
Yi)/(si +1 = 5;), and then fit the B-curve to the points (Si' B)).

As noted, equations 2-16 and 2-17 are for the two-dimensional planar case. The local
impingement efficiency, B, can be calculated for the three-dimensional case by considering a
three-dimensional tube of water droplets starting at infinity with some area, A, perpendicular to the
freestream, and impinging on a body over some surface area, A,. Then, the local impingement
efficiency, B, is the limit, as Ag approaches zero, of A divided by Ag

i+l ©

B = li,’-'h 7{}3 (2-19)

Discussions of three-dimensional impingement calculations can be found in references 2-11 and 2-
5.

Example 2-2

This example illustrates the estimation of the impingement parameters E, Baxs s Sy and S
using graphical data (reference 2-12). The graphical data is all presented with Ko as the independent
variable. Much data is available in this form.

The conditions of Example 2-1 for a NACA 0012 airfoil are assumed; thus Ko = 90.050. It also
is assumed for simplicity that the angle of attack, a, is 0 degrees. From figure 2-11, E, the total
impingement efficiency, s found to be 0.230 for these conditions. So 23 percent of the water in the
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projected frontal area of the airfoil, with height h = ,120¢ (found using figure 2-12), impinges ot the
airfoil. The maximum impingement efficiency for Ko = 0.50 and a = 0 degrees is found in figure
2-13to be B, = 0.69. At a = 0 degrees, the upper and lower limits of impingement are identical.
From figure 2-14 at Ky = 0.050, SU = S = .0435. Therefore, water dropiets will impinge on the
airfoil leading edge only back approximately 4 percent of chord. (Note that this example assumes a
*monodispersed” cloud, that is, a cloud in which all the droplets are of the same size, More realistic
approaches are discussed in the following section.)

2.2.1.4 Droplct Size Distribution Effects

The discussion thus far has proceeded as though clouds consisted of droplets of a single size
("monodispersed” clouds). All actual clouds, whether in the atmosphere or the wind tunnel, possess
a spectrum of droplet sizes. This is taken into account in the definition of 8 and E by integrating over
the droplet spectrum. In calculations with experimental data. this leads to taking averages weighted
by volume, with the droplet spectrum represented by a histogram. Terms computed over the droplet
spectrum are sometimes indicated by writing a bar above them.

d,

LOR _f B (58) % as (2-20)
Smin

Here B is called the droplet spectrum local impingement (or collection) efficiency at the surface
position specified by S. The phase "droplet spectrum” is ordinarily suppressed, sitice this is the
meaning carried by the bar; some authors use the term "overall” rather than "droplet spectrum.” The
integral limits are the minimum and maximum droplet diameter in the cloud. In gereral, a droplet
size distribution is described by v, the cumulative volume of water in the cloud as a function of
droplet diameter, 6. In equation 2-20, the derivative of this curve, dv/dé, appears. 1t is a function
of the dropiet size, &, and, of course, the assumed cloud droplet distribution. Usually B and dv/dé§
are not known as continuous functions of § and equation 2-20 is then represented as a summation

N
AS) = L B (885 Ay (2-21)

1=

Equation 2-21 is summed over N discrete droplet sizes representing the midpoints of N droplet size
bins. (For exampie, 6; = 6.5 ym for a bin for droplets with diameters from 5 to 8 gm.)

The droplet spectrum (or overall) impingement (or collection) efficiency E for an airfoil or body
is defined in a similar way for a droplet size distribution:

6m AX

E-i I av, (& ¥ a5 (2-22)

smin
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Here AY((5) is the initial Y difference for the tangent trajectories for a droplet of diameter §. As
in the case of B, one usually knows &Y y(6) for a discrete numbez of droplet sizes. Equation 2-22 can
therefore be written as the sum

N
E=-p L AY(d) Ay, (2-23)
Note that a droplet spectrum (or overall) K‘?o may also be defined as

AY, = E h (2-24)

The limits of impingement depend not on the entire droplet spectrum but only on the largest

droplets present in the spectrum, Let§ denote the largest drop diameter present in the spectrum

max
(or the midpoint of the bin containing the largest droplets), and let Ko max denote the modified

inertia parameter calculated using § The maximum limits of impingement may be found from

max’
plots of Sy and 8y asaf unction of Kg .. and angle of attack a.

Examplc 2-3

This example is a repetition of Example 2-2 except that this time the impingement parameters
will be found using the entire droplet spectrum. It is assumed that the droplet median volume
diameter (MVD) is 20 pm (the dropiet size used in Exampie 2-2) and the cloud droplet spectrum can
be represented by a Langmuir D distribution. The droplet sizes representing the seven size bins in the
distribution are calculated using table 1-1 (discussed in Section 1.2.6). Table 2-1 st s the droplet
sizes §, the proportion Av of total droplet volume associated with each §, and also the values of Re,
K, and K for each 5. Us: 1g these values of K and figure 2-11, a value E(6) is associated with each
&, as shown in the third column of table 2-2. Note that equation 2-23 can also be written as

N
E = i);jl E(d) Av, (2-25)
Thus E is calculated as ar average value of the E(5) weighted by volume using the Av's. Table 2-2
shows that a value E = 0.24 is obtained, little different from the value E = 0.23 for the MVD. This
is well within the accuracy of reading numbers from the figure.

Considering this droplet size distribution and using equation 2-21, B can be calculated for a
surface length location of S = 0 (stagnation point). For the special case of a symmetric airfoil at zero
degrees angle of attack, where—ﬁmax
determine B, ... In table 2-2 the calculation of 8 at S = 0 is summarized in the last two columns.
Here again the value of B = 0.66 is close to the value for the MVD droplet size, where B = 0.69.

The maximum limits can be found from Ko

occurs at S = 0 for all Ky, equation 2-21 can be used directiy to

'max 8nd figure 2-14. For the 44.4 micron droplet
size, KO'max = 0.2463 and from the figure SU = SL = 0,13, or 13 percent of the chord length.
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Estimates of the size of a pneumatic ice protection boot have been made by using an MVD of 20
microns and twice that diameter (40 microns) to determine the maximum extent of significant droplet
catch. This comes to about 10% of the airfoil chord on the critical upper surface. Ten percent
coverage of the upper surface is consistent with statistical measurements of upper surface icing made
in the USSR (reference 2-13).

Comparison of Exampie 2-2 and 2-3 suggests that, except for the limits of impingement,
impingement parameters calculated using the MVYD may give a reasonably good approximation to those
calculated over an entire droplet distribution. This property of the MVD supplies the main
justification for its wide use as the “representative” droplet size for a supercooled cloud in the study
of aircraft icing. The error introduced in impingement calculations by its use rather than use of the
full droplet spectrum is discussed in reference 2-14 and 2-15.

2.2.1.5 Approximate Two-dimensional Icing Formulas

Several approximate two-dimensional icing formulas are presented in this section. In these
formulas, the symbols 8, E and LY, for calculations with the MVD are used. If the corresponding
quantities for the droplet spectrum are available, then bars are simply put over these quantities.

The formulas are approximate primarily for two reasons. First, freestream and ambient quantities
are used throughout. Second, impingement parameters are for a clean body. As ice accretes, the shape
of a body changes and with it the flow ficld and impingement parameters. For example, if the
conditions were glaze and the duration long, a large glaze ice shape would actually accrete and some
of the formulas here would give poor approximations. The formulas are most reliable for rime
conditions or short durations.

Let m denote the water impingement rate per unit span in Ibm/min-ft, span; then m is given by

m« 6322 x 10° V,_(LWC) ¢cEh (2-26)
where V  is the freestream velocity in knots, LWC is the liquid water content in g/m3, ¢ is the chord
length in feet, E is the total collection efficiency (dimensioniess), and h is the dimensionless projected
height of the body. E and h would be found from a table or graph. Note that although E is a two-
dimensional quantity, it may be used in a strip-theory type approach across the wing span as long as
the sweep and induced angles of attack are taken into account.

Multiplying m by the duration 7 of an icing encounter in minutes yields the mass m of water
impingement per unit span, 1bm/ft. span, for the encounter:

m=g 7 (2-27)
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A useful dimensionless term called the accumuiation paranieter, Ac, i1s introduced here. 1ts
primary use is in the area of scaling, and it is more fully discussed in Chapter 1V, Secvion 2. It is ‘
given by

A aWC (V) T (2-28)

< A

ice

where 2 is the density of ice. Using thz uvnits of the variables as defined in the

"Symbols and Abbreviations” and Example 2-4, A can be calculated using the following equation
(reference 2-1):

A = toisxio e T (2-29)

ice

If the value of R is kuown at a point on the surface, the local ice thickness in chords may be
approximated by

I=A_B (2-30)

This equation assumes that the ice growth is normal to the surface, so it is most accurate in the
stagnation region and for blunt bodies. The maximum ice thickness in chords is given by 0

lnax = A, B

X

(2-31)

For a cylinder or symmetric airfoil at 0° angle of attack, B = B, the impingement efficiency at

max
the stagnation point; this may be available from a table or graph. Even for non-symmetric airfoils

at 0° angle of attack, B

max "~ Bo-

| The cross sectional area of an ice accretion cani be approximated by

‘ A=A _Eh=A_AY, (2-32)

wihere A iy in uniis of chord iengin squared. This formuia permiis the inierpretaiion of ihe ice cross-
section as a transformed rectangle of length &’0 and width AC.
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Example 2-4
‘ The mass of ice accretion on the NACA 0012 section will be calculated. Using the same flight
I conditions as Example 2-1, and the droplet size distribution and value from Example 2-3;

Airfoil: ¢ = 3.1 foo: (37.2 in) chord NACA 0012
Flight Speed: V = 200 knot
Airfoil Projected Height: h= .12 ata = 0 deg.
Liquid Water Content; LWC = 0.5 g/m3
g Collection Efficiency: E=.24
[ Maximum Impingement Efficiency: Emax = 66
f Icing Time: T = 5 minutes

Using equation 2-26 the mass of impinging water per unit span per unit time is given by:

M = 6.3222 x 10°%(200)(0.5)(3.1)(.24)(.12) = 0.056 lbm/min-ft. span

Then for a five minute icing encounter (equation 2-27)

m = .056(5) = 0.282 lbm/ft. span

' Calculating the accumulation parameter from equation 2-29 gives:

(200 (.5) (5
Ag = 103 x 10 - 0.0004

3 Note that the density of the ice is assumed to be 0.8 g/'cm3, implying a rime accretion.
1 The maximum ice thickness is approximated froin equation 2-31 as

lnax = 0.0204(.66) = 0.0135 ¢, ¢ = airfoil ¢ ord

Thus the maximum ice growth is approximately 1.4 percent of the airfoil chord length, or about
(.0135)(37.2) = .50 inches.
The cross sectional area of the ice in square chords, from equation 2-32,1is

A = (.0204)(.24)(.12) = .0204(.0288) = 5.9 x 107* ¢?

i The area in feet is given by

A=59x10*(31)% =57x10° g2

. which is equal to about 0.82 inZ.
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2.2.1.6 Compressibility Effects on Droplet Impingement

The droplet impingement characteristics of a body in a flow at high subsonic Mach number may
differ from those in a flow at low Mach number. Brun, Serafini and Gallagher (reference 2~16)
performed numerical calculations of the droplet impingement on a cylinder at M = 0.4 and compared
these results to incompressible data of reference 2-17. The result of the calculations, performed over
a K range from 0.2 to .66, was a reduction in E, but never by more than 3 percent. The compressible
and incompressible curves, shown in the Iower right area of figure 2-15, are barely distinguishable
from one another.

More recent data cn a NACA 0012 airfoil at o = 0 degrees and Mach numbers from @ to 0.8 are
also shown in figure 2-15. These data are from references 2-12 and 2-18, with most of the
compressible data coming from the latter reference, where a compressible flowfield and a compressible
form of the trajectory equation are employed. Figure 2-15 indicates that compressibility effects are
greater for lower values of Kg; this presumably is due to the greater sensitivity of the droplets to
flowfield changes at these lower Ky's. The effect of compressibility is to reduce E and also Sy and
Sy (not shown). These limited studies suggest that design using the incompressible droplet
impingement data may be conservative.

2.2.1.7 Droplet Impingement Data

In this section, a selection of droplet impingement data, both theoretical and experimental, will
be presented. Refer to Sections 2.2.1.1 - 2.2.1.4 for definitions and uses of the data. Figure 2-16
gives the projected height of several airfoils as a function of angle of attack. Also note that table 2-
3 provides the characteristic length used to calculate K¢ for the various bodies. This table is important
since the characteristic length used in the calculation of Kg is a matter of convention and the
conventional choice is not always obvious, For example, faor a cylinder the radius is used, whereas
one might have expected the diameter, by analogy with the use of the chord for an airfoil.

Experimental Data
In the 1950’s, the NACA carried out an extensive experimental program to provide impingement

information for airfoils and other geometries. Their method required a wind tunnel with spray system
and consisted of seven steps:

I.  Put dye in the spray system.

2. Put strips of blotter paper at strategic locations on an airfoil, aircraft component, or other
geometric object,

3. Expose the object to the spray for a fixed time interval.
Remove the strips and place each in a separate container of water.

5. Wait until approximately ail the dye in the paper has dissolved in the water. (This could take

weeks.)
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6. Expose the container to a ray of light. The amouut by which the light was shifted was used
to determine the amount of dye in the container (called colorimetric analysis).

7. By considering the original locations of the strips, deduce the regions and paitern of
impingement.

The test program was mainly confined to a representative sample of airfoils.

Probably the most used of the NACA data are that due to Gelder, Smyers, and von Glahn
(reference 2-19) on several two-dimensional airfoils. The data presented here are mostly from that
reference but some are also from references 2-20 and 2-21. The form of these figures follows that
of reference 2-22. Figures 2-17 to 2-20 present collection efficiency versus Ko for several bodies.
Droplet limits of impingement are given in figures 2-21 to 2-27.

How was one to determine the impingement pattern for an airfoil not tested by the NACA?
Before droplet trajectory and impingement codes were developed, one approach was to try to "match"
the untested airfoil to one that had been tested and then “extrapolate” the impingement pattern
(reference 2-22).

By the early 1980's, many airfoils very different {rom those uf the 1950°s were in use or soon
to be in use; for such airfoils, the "matching” procedure mentioned above was especially problematical.
Furthermore, a need was recognized for impingement information on engine inlets and other three-
dimensional configurations.

In conjunction with the need for new information, new technological possibilities also arose.
First, the use of laser spectroscopy and microcomputers made it theoretically possible to carry out
steps (5) through (7) above in a manner reguiring much less time and human labor. Second, and
potentially even more importany, the availability of powerful computers and efficient numerical
aigorithms held out the promise of the development of computer codes for the computation of
impingement patterns. The goal of the experimental program would be to produce a data bank of
sufficient variety and complexity to test and evaluate computer codes. Once a code were validated
or calibrated using the bank of experimental data, it could be used to compute the impingement
pattern for appropriate configurations not in the data bank. There would no longer be any need for
the difficult matching procedure.

A program was established in 1984 to exploit the possibilities mientioned above; the work has
been done by Wichita State University (WSU) and Boeing Military Aircraft Company (BMAC) under
contract to NASA Lewis Research Center with support from Federal Aviation Administration.
Reference 2-15 thoroughly describes the 'nethodoiogy developed and the results obtained for the first
set of models tested. The two-dimensional models included were a cylinder, NACA 65,015 airfoil,
MS(1)-0317 airfoil, and three ice shapes (figures 2-28 and 2-29). The cylinder and NACA 652015
airfoil were chosen so that results obtained with the new methodology could be compared with data
frommn NACA tests in the 1950’s. The MS(1)-0317 airfoil was chosen as a representative of the modera
family of supercritical airfoils which is used by some high speed
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aircraft. An axisymmetric inlet (tested at 0° and 15° angle of attack) and Boeing 737-300 inlet (figures
2-30 and 2-31) were choscn s representa?ive of modern inlet designs.

Blotter strips typically 1.5 inches wide and of various length, depending on the model being
tested, were attached to the forward facing (upstream) surface of the model at strategic locations.
Figure 2-32 shows an example of blotter strip locations for the Boeing 737-300 engine model.

The impingement data given in reference 2-15 is in the form of impingement efficiency curves
(B-curves). (Note that the sign convention followed for surface distance s in this report (positive on
the bottom and negative on the top) is the opposite of that used earlier in this section.) Just a smail
sample of data will be presented here. Figure 2-33 is for the circular cylinder, figure 2-34 for the
NACA 65,015 airfoil, and f igure 2-35 for the MS(1)-0317 airfoil for an MVD of 16.45 ym and au
airspeed of approximately 81 m/s. In addition to the experimental B-curves, each of these figures also
includes for comparison a "theoretical® B-curve calculated by the Boeing 2D/axisymmetric droplet
trajectory and impingement code (see Chapter IV, section 2), Figure 2-36 is for the large glaze ice
shape of figure 2-29 for an MVD of 20.36 um and, again, an airspeed of approximately 81 m/s.

Figure 2-37 shows the highlight marks and surface distance convention and figurz 2-38 shows
the positions of the blotter strips for the axisymmetric inlet, The B-curve at the 8 = (0° position
appears in figure 2-39. Figure 2-40 shows the highlight marks and surface distance convention and
figure 2-41 shows the positions of the blotter strips for four different test conditions the 737-300
inlet. The B-curve at the @ = 0° position appears in figure 2-42. In addition to the experimental (-
curves each of these figures alsc includes for comparisen a "theoretical" B-curve calculated this time
by the Boeing 3D droplet trajectory and impingement code (see Chapter IV, section 2).

The surface coordinates and surface B values for many of the tests are available in digital form.
This constitutes a valuable data bank for the evaluation and validation of droplet trajectory and
impingement codes. Contact NASA Lewis Research Ceater to learn how to acquire data.

A second set of models has ailso been tested and a report on the results is due in 1992. This
second set included a 2D model of an NLF(1)-0414F (natural laminar flow) airfoil, a 30* swept wing
with MS(1)-0317 airfoil section, a NACA 0012 wing tip with 30° sweep angle, and a Boeing 747
engine inlet. Reference 2-23 surveys seme of the results which will be included in this report.

Theoretical Data

Figures 2-43 to 2-406 present a summary of theoretical data for dropiet impingement on bodies
other than airfoils. These data are presented as a function of Kq and are calculated assuming a
monodispersed droplet size distribution, These resalts are from early NACA research references 2-
24 to 2-32), since more recent calculations have focuscd on airfoits,

While several droplet impingement computer cedes currently exist, few detailed studies of droplet
impingement characteristics have been conducted using these codes. One exception is reference 2-
33, where theoretical droplet impingement characteristics of 30 low and medium speed airfoils are
reported. For each airfoil, a table is given including values of h for several values of a (e.g., a=
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-4°, 0°, 4°, 8°) and values of E, Bmax' Yy Sy and §;  for several values of a and K (eg., a=-4°
0°, 4°, 8% and K3 = .01, .05, .1, .5, 1.0). These tables can be used to approximate impingcment
parametess for arbitrary values of aand K through interpolation, to compare impingement properties
of twou or more airfoils, and also to search for trends or patterns in the impingement parameters as a
function of airfoil characteristics such as thickness, camber, and radius of curvature.

Figures 2-48 to 2-59 present a selection of results from reference 2-33; computed values of E,
Baxe Sy and S are shown as a function of K for three airfoil angles of attack. These figures are
constructed using the tables discussed in the previous paragraph. Six airfoils from the thirty in the
study were selectod for the figures (figure 2-47). The NACA 0012 airfoil has been widely used in
aircraft icing research during the 1980s. A aumber of airplanes have airfoils from the NACA 23
series, to which the NACA 23012 belongs. The NACA 63-415 is a "classic® NACA laminar flow
airfoil. The NACA 64-1C9 has been used on the empennage of several general aviation airplanes. The
LS(1)0417 and MS(1)0313 are perhaps the most widely used of the "modern” laminar fiow airfoils. In
summary, the NACA 64-109 and NACA 0012 would be used for the empennage but not for a wing;
the other four airfoils would be used for a wing,

Use of figures 2-48 through 2-53 will be illustrated by discussing their use for MVD of 20 pm,
an airspeed between 100 and 220 knots, and a chord size of 5.58 feet (representative of an airfoil
section for a wing of a full scale general aviation aircraft). As seen from figure 2-4, a value of
KO.MVD = 02 roughly corresponds to these conditions. Thus in examining figures 2-48 (a = 0°), 2-
49 (a = 4°), and 2-50 (a = 8°) for E, one focuses on tie lower left hand corner of the graphs. There
is very little variation in this region among the airfoils and E is approximately equal to .10 or less for
all of them in this region. Note that there is relatively little variation among the airfoils in these
figures for all values of K. the curves for the NACA 64-109 being the ones that most stand out.
The NACA 64-109 is the thinnest of the airfoils with a thickness of 9 percent of chord, ali the rest
having a thickness of at least 12 percent of chord.

In examining figures 2-51 (a = 0°), 2-52 (a = 4°), and 2-53 (a = 8°) for Bmax'
variation among the airfoils, with the curves for the NACA 64-109 quite different from those for the
max 1S in the vicinity of .40 for all airfoils except the NACA 64-109,
where it is in the vicinity of .60. Note also that there is a teadercy of Bax to decrease with
increasing a. As noted in Chapter 1V, Section 2, accurate calculation of Bnax for such a value of K

one notes more

others. For Ko MVD ~ .02. B

o

is a computational challenge, particu

among the airfoils in these figures is certainly numerical; how much is not known.

Use of figures 2-54 through 2-59 will be illustrated by discussing their use for a maximum
droplet diameter of 45 um (which approximately corresponds to the maximum diameter for a
Langmuir D distribution with an MVD of 20 gm), along with an airspeed between 100 and 220 knots
and a chord size of 5.58 feet, as before. As seen from figure 2-5, a value of Ko,max = .1 roughly
corresponds to these conditions. Figure 2-54 indicates that all the airfoils have an Sy value of about
.10 or less at these conditions at a = 0°. The figure shows relatively litile variation among the airfoils.
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Figures 2-55 (@ = 4°) and 2-56 (a = 8°) show a dramatic upward shift in the curves as one would
expect, since the impingement on the lower surface will greatly increase as the angle of attack is
increased.

In examining figures 2-57 (@ = 0°). 2-58 (a = 4*), and 2-59 (« = &°) for Sy. one notes
considerably more variation among the airfoils that was the case for 8; . This is perhaps to be
expected, since as the angle of attack is increased, what littie impingement occurs on the upper surface
will presumably be quite sensitive to the shape of the airfoil. For KO,Max ~ .1, 8y is in the vicinity
of .07 for all airfoils at a = 0° (figure 2-57), in the vicinity of .01 at @ = 4* (figure 2-58), and stiil
in the vicinity of .01 (although somewhat smaller) at a = 8° (figure 2-59). Accurate calculation of
SU for such a value of Ko is also a computational challenge, particularly at higher angles of attack,
so some of the variation among the airfoils in these figures is also numerical.

Comparison of Impingement Properties of a Circular Cylinder and a NACA 0012

Using figures 2-43 and 2-44 for a circular cylinder along with figures 2-11 and 2-13 for the
NACA 0012, it is possible to compare the impingement properties of a blunt or bluff body (the
cylinder) with those of a streamlined body (the NACA 0012 airfoil). The diameter of the cylinder is
taken to be equal to the chord of the airfoil. For illustrative purposes, a * ¢y cmali airfoil model will
be assumed, with a chord size of 5 cm. As indicated in table 2-3, Ky is computed using radius (rather
than diameter) for a cylinder while it is computed using chord for an airfoil. Assume that conditions
are such that Ko = .2 for the airfoil; then Ky = .1 for the cylinder.

On the other hand, according tc figures 2-43 and 2-13, B, ~ .30 for the cylinder and 8,
= 78 for the airfoil. According to equation 2-31, it follows that, for a small rime accretion, the ice
thickness at the stagnation point would be about two and a half times greater for the airfoil.
According to figures 2-44 and 2-11, E = .05 for the cylinder and E ~ .37 for the airfoil. Recall that
E = &AYy/h. For the cylinder, the projected fronial length h is equal to the diameter of the cylinder
which, nondimensionalized by the diameter itself, is simply equal to I; hence AYjy = (.05)(1) = .05
(dimensionless). For the NACA 0012 airfoil at a = 0”, h is equal to the airfoil thickness which,
nondimensionalized by the chord, is equal to .12; hence (.78)(.12) = .044 (dimensionless). Assume the
accreted ice is directly proportional to the impinging mass (which should be approximately true for
a rime accretion with no water loss due to splashing or shedding). Then, according tc equation 2-26,
the mass of accreted ice is directly proportional to AYO, and so more ice will accrete on the cylinder
than on the airfoil. This apparent contradiction is resolved when it is realized that far less mass
impinges on the cylinder than on the airfoil relative to their respective projected frontal areas.

Note also that impingement curves for cylinders have different general shapes than those for
airfoils. An airfoil impingement curve is often narrow and peaked in the stagnation region and for
most conditions has a region that is distinctly concave upward. A cylinder impingement curve is not
peaked in the stagnation region and the entire curve is concave down or only slightly concave upward
toward the limits of impingement.
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2.2.1.8 Surface Geometry Effects
As is clear from the data of section 2.2.1.7, the geometry of a body affects the droplet
impingement parameters. The effect of the .verall size of the body is well known and is reflected in
the value of KO. As the characteristic iength of the body decreases, KO increases and as a result E,
Bmax'
For airfoils, Bragg (references 2-12, 2-33, and 2-34) has studied the effect of geometry on
droplet impingement. Several airfoil geometry terms were considered, including: maximum thickness

and its location, max:mum camber and its lucation, and leading edge radius. One of the strongest

SU and SL all increase.

relationships found was that between the airfoil leading edge radius and the maximum impingement
efficiency. In figure 2-61, B, is p'otted versus leading edge radius for the thirty airfoils of
reference 2-33. (Points for four airfoils are indicated by solid symbals and iabeled; see figure 2-60
for profiles.) Data are ploited for two angles of attack and three modified inertia parameters. Note
thatat K = .01 (within the "typical” range for a wing section of & general aviation « ‘rcraft - see figure
2-4) there is a strong relationship between leading edge radius and B

edge radius of 0.8 percent chord and Ko = 0],

max: For an airfoil with leading
max is approximately 0.5, but drops to around 0.25
for a leading edge radius of 2.0 percent chord. Also note that the dependence decreases markedly
with increasing K and that B, decreases slightly with increasing angle of attack for each value of
K. Finally, note that variation in Byax for a particular value of the leading edge radius arises from
other characteristics of the airfoils, since they differ in more than leading edge radius.

Another relationship is that between airfoil maximum thickness and collection efficiency, E. In
tigure 2-62, E is plotted as a function of maximum thickness for ail thirty airfoils and for four Ko‘s.
For all Kj4's shown, E decreases as the airfoil thickness increases. However, the effect becomes less
pronounced with decreasing Kqand for K = .01 is quitz slight (note also that E < .10 for all airfoils
for this condition). Figure 2-62 indicates that thicker airfoils (and bodies in general) are less efficient
droplet collectors with respect to the width h of their projected frontal area. This does not mean,
however, that thicker airfoils accrete less mass of ice. Figure 2-63 shows AY, as a function of airfoil
maxinum thickness for the same coaditions as figure 2-62. Hcre the opposite relationship is seen,
that is, &Y, increases as airfoil thickness increases, the effect being very pronounced for large Ko
(although non-existent for KO = 1), Since E -AYo/h, it follows that E decreases with increasing
airfoil thickness because h increases faster than &Y. But since mass of ice accreted is directly
pruportiona!l to AYO, it is essentially independent of airfoil thickness for Ko= .01 and increases with
increasing airfoil thickness for larger K.
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2.2.2 Ice Accretion

2.2.2.1 Types of Ice

The terms “rime" and "glaze" are used in several different senses when discussing aircraft icing.
The most common usages ate cutlined below.

A portion of ice which is opaque and miiky white in color is called rime; a portion of clear
(transparent) ice is cailed glaze. Glaze ice is barder (denser) than rime ice. Rime ice is similar to the
ice forming on refrigerator coils due to condensation while glaze ice is similar to refrigerator ice
cubes.

The term "ice accretion” refers to ice which has accreted on any airframe component during
flight (or in an icing tunnel). An ice accretion which is completely opaque and milky-white is called
a rime ice accretion. An ice accretion which is completely clear; or clear in the stagnation region and
opaque in ihe regions well aft of the bulk of the ice is called a glaze ice accretion.

The cross-sectional shape of an ice accretion which has formed on a wing or tail is called an
airfoil ice accretion shape. A rime ice accretion often has a spearhead or streamlined shape tending
to conform to the shape of the airfoil, and this shape is called a rime ice accretion shape. A glaze ice
accretion often has a single- or double-horned shape (depending on angle of attack), and this shape
is called a glaze ice accretion shape.

Thus the term rime may refer to (1) the entire ice accretion if it is completely rime (opaque) in
composition, (2} the opaque portion of an ice accretion consisting of both opaque and clear ice, or
(3) the shape of the ice accretion if it possesses a spearhead or streamliined shape. The term glaze may
refer to (1) the entire ice accretion if it is completely clear in composition (2) a clear region of ice on
an ice accretion copsisting of both opaque and clear ice or (3) the shape of the ice accretion if it is
single- or double-horned. One must determine the meaning from the context.

These different usages can be confusing; for example, an ice accretion which is entirely rime in
composition may pgt have a streamlined or spearhead shape; indeed, it may appear to have horns.
Similarly, an ice accretion which is entirely or mainly glaze in composition mav not have the single-
or double-horned shape; a great variety of shapes is possible for ice azcretions which are glaze in
composition, part  ularly if they are formed when the ambient temperature is near the freezing point.
Nonetheless, in a discussion of ice accretion ghapes, the term rime means the idealized streamlined
shape, while the term glaze means the single- or double-horned shape.

The terms jntermegdiate and mixed are used interchangeably although intermediate is perhaps
preferred to avoid confusion with the phrase "ciouds of mixed conditions* which indicates clouds
consisting of botl ice crystals and supercooled water droplets. When referring to the composition of
an ice accretion, intermediate indicates that the accretion is neither entirely rime nor giaze but has
rime patches slightly aft of the glaze ice portion. When referring to shape, there is no commonly
accepted n eaning. (Reference 2-22 uses the term "intermediate ice accretion” to refer to an ice
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accretion which is a combination of glaze and rime ice; glaze in the forward areas, rime in the aft
areas and no horns.)

To further complicate the picture, ice accretions may have rime fingers aft of the bulk of the
accretion,

How are rime and glaze ice formed in flight? Rime ice forms when the supercooled droplets in
the cloud freeze on impact with the aircraft surface; trapped air gives the ice its milky-white
appearance. In the glaze case, the droplets do not freeze on impact {except, perhaps, far aft}; instead,
they either coalesce with other droplets to form much larger liquid surface drops or else they merge
with a liquid film on the surface. In either case, when the water freezes, no air is trapped and the ice
is essentially transparent. Both rime and glaze ice may form simultaneously on different regions of
the same surface or on different size components.

Why is a streamlined shape common for airfoil ice accretions which are entirely rime in
composition? This is simnply because essentially all the droplets freeze on impact, causing the ice
accretion to grow into the freestream as a forward extension of the airfoil.

Why do the ice accretions that are entirely glaze in composition, or predominately glaze merging
with some rime slightly aft, tend to develop characteristic single or double horn shapes? The
formation of the horns is sometimes ascribed to water running back on the wing from the stagnation
region and then freezing in the area where the horns form. (This "runback” is not to be confused with
water which runs back from a thermally protected region and freezes aft of the region, which is also
called "runback.) However, other, more complicated, explanations have alsc been advanced and
conclusive experimental evidence in favor of any single explanation does not exist.

Under what conditions do rime and glaze ice accretions form? This depends on the
thermodynamics of the surface in question, specifically on all the factors that contribute significantly
to the encri:y balance equation. In generil order of importance, these are ambient temperature
adjusted for the dynamic hoating effects of airspeed and air density (altitude), liquid water content
(LWC), and droplet size. Rime accretions tend to for» .»r low temperatures, low LWC's, and small
droplet sizes, while glaze ice tends to form for temperatures close to (but below) freezing, high LWC's,
and large dropiet sizes. Unfortunately, even this very general statement does not cover conditions
which somutimes occur. For example, rime accretions can form in the presence of large LWC's and
droplet sizes if the temperature is low enough and can also form at temperatures rather close to
freezing if the LWC is very low (so that there is very little water to freeze). Similarly, giaze accretions
can form for quite low temperatures if the LWC is sufficiently large. The key question is whether the
component skin surface temperature is low enough to freeze all incoming droplets on impact. Aunother
obstacle to useful generalization is dependence on surface geometry. Under identical ambient
conditions, a rime accretion might form or a glaze zccretion might form depending upon the size and

shape of the airfoil or component in question.




Table 2~4 summarizes in very general terms the conditions which feng to be associated with rime
and glaze ice. In general, anything which tends to lower the energy of the icing process increases the
likelihood of rime ice forming.

Photographs of rime and glaze ice accretions are showa in figures 2-64 and 2-65. Ice is difficult
to photograph and while many photographs erist, few provide the details which can be found by
observing an actual ice shape. Detailed tracings of ice cross-sections are shown in figure 2-66.

When a wing is swept back, crossflow in the spanwise direction occurs and ice shapes show
regular three-dimensional variations. For glaze accretions, the ice shape has periodic peaks and
vaileys along the spar.. The shapes appear as almost separate cup-shaped accretions stacked spanwise
down the airfoil leading edge with their ends bowed toward the wing tip. The segmented "notchings"
result in a shape that has been likened to a "lobster tail." The "lobster tail” shape is shown in figure
2-674 and 2-67b.

Icing tests in the Canadian National Research Council’s (NRC) High Speed Icing Wind Tunnel
have identified glaze ice characteristics which occur at high Mach number. In figurc 2-68, three types
of glaze ice are shown as identified in reference 2-35. Beak ice forms on airfoils at high subsonic
Mach numbers in the region of low pressure on the leading edge upper surface. This is the upper
peak of a double horn shape which freezes due to the additional local cooling in the suction peak. The
rounded glaze ice shown occurs quite often in rotor airfoil testing and is usuvally referred to as an
intermediate or mixed ice accretion.

The term “icing limit” or "icing boundary" is sometimes used to denote the temperature below
which ice will form on a body and above which it will not. This icing limit temperature is highly
dependent on the size and shape of the body as well as the ambient and flight conditions. Various
correlations have been advanced for the icing limit temperature.

Recent tests by Flemming and Lednicer (reference 2-35) have defined icing boundaries for rotor
airfoils operating from Mach numbers of 0.20 to 0.80. In figure 2-69, the icing boundary temperature
is shown for a liquid water content of 0.35, 0.66 and 1.2 g/ms. Here the regions are labelled for no
ice accretion, beak ice, giaze or wet growth, and rime ice or dry growth. These data were based on
ice accretion experiments in the NRC High Speed Icing Tunnel using rotor airfoils of chord length
2.69 10 6.38 inches. These icing boundaries were also found to be a function of airfoil angle of attack
(reference 2-35). Based on this work, Flemming and Lednicer develuoped an approximate equation for
the temperature for the onset of ice on an airfoil. Their resuits are all based on ice accretions
measured in the High Speed Icing Tunnel and may provide guidance as to the ice boundaries for
similar airfoils under similar icing conditions. The interested reader is referred to reference 2-35,
with the usual cautions on the use of icing correlations.
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N 2.2.2.2 Effect of Flight Parameters and Atmospheric Coaditions on Ice Shapes

i Q As already discussed, the combinatior of flight parameters and cloud properties will determine

g the type of ice accreted by a particular body. In this section, the effect of these properties will be

! surveyed using ice tracings taken from wind tunnel experiments.

i A study by Olsen, Shaw, and Newton (reference 2-36) conducted in the NASA Lewis Icing
! Research Tunnel documented the effect of tunnel conditions on ice shapes. For these tests, a NACA
| 0012 airfoil section of 0.53 m chord was used. Measurements were made of the ice shapes and the

! resultant section drag coefficient. The ice shapes obtained from ice tracings will be considered here,

: and the drag coefficients will be discussed in a later section.

In figure 2-70, ice shapes are shown as functions of time and angle of attack. The top ice shapes
are for basically glaze accretions, T = 18 *F (-8 °C), and the lower shap:is are rime with. T=-15°F
(-26 °C). For the rime cases, the effect of time on ice growth is approximately linear, i.e., the ice
thickness at a given point on the airfoils increases linearly with time. This is true since the droplets
freeze on impact and the ice accretion rate does not vary greatly with time. For the glaze ice shapes,
j ice thickness does not increase linearly with time. Note particularly the horn which forms rapidly

between the 2 and 5§ minute tracings in cases A, B, and C. The effect of angle of attack is similar in
all cases. As would be expected from the droplet impingement results, the orientation of the ice
shapes shifts toward the lower surface as the angle of attack is increased. In the glaze accretions there
seems to be a tendency for ice horns to become more severe with increased angle of attack.

G The effect of total temperature on ice accretion shapes is shown in figure 2-71. As the air
temperature is increased, the ice shape changes from a rime shape at ~15 °F (-26 °C) to an intermediate
shape, then giaze, and finally, at T = 32 °F (0 °C), no ice accretes at all. The bottom tracings are for
a considerably higher airspeed which produces a distinctive double horn shape at a fairly low

i temperature. The upper tracings never really develop a large double horn shape, although an upper
surface horn does develop at about 23 to 28 °F (-5 to -2 °C).

Figure 2-72 shows the effect of dropiet size on ice shapes. Here four different MVDs were
| used at six different tunnel conditions. All the data were taken with the NACA 0012 airfoil at four
degrees angle of attack. The most noticeable effects of increasing droplet size are to increase the size
of the ice accretion and move tne glaze ice horn further back. As the droplet size increases, the
| overall collection efficiency, E, increases, which means more mass of water impinges plus an increase
in the droplet impingement limits. The increased droplet size also tends to make morce of the ice glaze
in nature, due to the increased amount of mass striking the airfoil. This can be seen most clearly in
cases A and F.

2.2.2.3 Ice Shape Correlations
Sc veral researchers have developed correlaticns to attempt to predict ice shape parameters for
given icing conditions. These correlations are based primarily on tunnel data. While these correlations
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may be acceptable over the airfoils and data used to develop them, 10 general correlation has been
developed which has proved to be reliable over 2 wide range of airfoils and icing conditions. An
engineer wishing to use one of these correlations should study the report where it appears to determine
if it is suited to the problem he is confronting. While no "universal® correlations are available, one of
the following may be useful depending on the application,

Gray (reference 2-37) developed correlations for ice shapes based on NACA icing data. These
correlations ars for the ice height and angle above the chord line of the upper surface horn o1 a glaze
ice shape; they depend upon droplet impingement parameters, freestream conditions and airfoil angle
of attack. They were based on low-speed results and a large portion of the data was on the very thin
NACA 65A004 airfoil. Wilder presents correlations for ice height and angle for both glaze ice horns
and also stagnation point growth in reference 2-38. These correlations are based on Boeing tests in
the NASA Icing Research Tunnel and are for a fairly limited range of conditions and airfoil tvpes.
Flemming and Lednicer (reference 2-35) have developed a correlation for ice height as a result of
their experiments in the NRC High Speed Icing Wind Tunnel. These results are for helicopter sections
and include high subsonic Mach numbers.

2.2.2.4 Physical Modeling of Ice Accretion Process

The physical modeling of aircraft icing consists of (1) the modeling of the trajectories and
impingement of the supercooled water droplets and (2) the modeling of the behavior of the liquid
water formerly in the droplets once it is on a surface of the aircraft. Part (1) has been presented
above; the basic assumptions and equations go back to reference 2-2 and are widely accepted;
discussion centers on the formulation of numerical procedures. Part (2), which will now be discussed,
remains controversial. There exists what might be called a “standard computational model* which is
incorporated in various forms in a number of computer codes, the most widely used of which is
probably LEWICE (reference 2-39), developeqd under the direction of NASA Lewis Research Center.
However, a number of questions have been raised as to how accurately this model actually depicts the
surface behavior of the liquid water. NASA-Lewis (reference 2-40) has initiated efforts to "formulate
either changes (o the existing model or an alternate model in order to see if ice shape predictions can
be improved.” (However, LEWICE can presently give useful ice shape predictions tor a fairly wide
range of conditions when used i conjunction with an appropriate roughness correlation; see the
discussicn in Chapter TV, Section 2.) This section begins with a presentation of the standard
computationai model; this is followed by a brief survey of the major criticisms of that model.

The standard model assumes that if air temperature is not low enough for impinging droplets to
freeze upon impact, then the droplets are absorbed into a thin water film which flows away from the
stagnation line (or point). As it flows, it is cooled mainly by convection to the airstream until it
freezes, thus gradually changing the surface shape.
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This model is formulated computationaliy by dividing the airtnil surface iato segments, and
associating a control volume with each segment. The water entering a control volume has two sources:
(1) water droplets impinging on the surface segment; (2) water "running back" from an adjacent
control volume closer to the stagnation point. (This "run back" water consists of all water which
entercd the adjacent control volume but did not freeze.) An energy balance analysis is appliad to each
control volume to determine the freezing fraction n, the fraction of the incoming water which freezes
for that control volume. If n = 1, then all incoming water freezes. If n < {, then a fraction 1-n does
not freeze. This water will in turn run back into the adjacent control volume further away from the
stagnation point,.

The mass and energy balance analyses for a given control volume will now be presented in some
desail. The energy balance analysis was given its classic formulation by Messinger (reference 2-41),
whose work drew on earlier work by Tribus (reference 2-42), The presentation and notation used
here is based on reference 2-43.

The mass balance for a control volume on the surface can be formulated as follows (figure 2-
73). Let M.Imn denote the mass flux per unit time due to impinging water droplets,

M“Run in and M"Ru o out denote mass flow per unit area per unit time into and out of the coatrol
volume due to liquid run back, and M“Ice denote the mass of ice formed per unit area per unit time.
Then the mass balance for the control volume is:

M.I.cc - M;mp + I\}i"Run in ~ 'l'iun out (2-33)

The term M" is given by:

Imp
=V, LWC 8 (2-34)

;mp
Vo is the freesiream velocity. However, if the local velocity at the edge of the boundary layer is
available, that velocity should be used rather than the freestream velocity. This procedure is followed,
for example, in the ice acoretion code LEWICE. B is the local collection efficiency for the control
volume.

It is convenient to define a term M" by:

Incoming

= Mj,, + M; (2-35)

Run in

L]
Incoming




Then the freezing fraction n for the control volume is defined by:

now oo (2-36)

L
Incoming

where M"I ce is the incoming mass which freezes.
The energy balance for a control volume on the surface can be formulated as follows (figure 2-
74). First, the main heat source terms (those that release heat into the control volun.e) are given.
Let Q"greeze denote the freezing of the incoming water. Then

\J

Freene = 1 Mlncoming Lf (2-37)

where Lg is the heat of fusion.
Let " Aero Heat denote the aerodynamic heating. Then

e 3, ‘
QAuo Heat ™ hc Te voa chdr (2-38)

where h, is the local heat transfer coefficient, r_ is a reccvery factor, and C is the specific heat
of air. air

Let Q Droplet K. E. denote the kinetic energy of the incoming droplets. Then: @

Q”Droplet KE ™ Mlmp V:/Z (2-39)

Let Q Ice Cool denote the cooling of the ice to the surface temperature TSurf' Then

Qlce Coot ™ B My, (T - Tgyy) (2-40)

where Tg is the ice/water equilibrium temperature (32 °F). Note that if n < 1, Tg, ¢ = Ty and so this
term cquals 0.

Define Q"

Source by:

Source Q;‘rnn + Q;.cro Heat t Q;)ropht KE. ¥ Q;u Cool (2-41)
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Next, the main heat sink terms (those that remove heat from the control volume) are given.

Let Q" denote the convective cooling term. Then

Conv

Lioav = he (Tgyrr - To) (2-42)

where T is the freestream temperature. If the local temperature at the edge of the boundary layer
is available, that temperature should be used in this term rather than the freestream temperature. This
is also done in LEWICE.

Let Q Drop Warm denote the droplet warming term. Then
Q“Drop Warm ” Mlmp Cw (Tf = Too) (2-43)
where CWate . the specific heat of water.

Let Q"Evap denote the heat loss due to evaporation, There are a variety of formulations of this
term. The approach of refercnce 2-44 is used here. Let M'Eva D denote the evaporative mass flux
per unit time. This term is sufficiently small to be neglected in the mass balance. It is given by

Miap = 8 OB (2-44)

where g is the mass transfer coefficient and AB is the evaporative driving potential dependent on the
vapor concentration difference between the surface and the edge of the boundary volume. These
quantities are given by:

i

g = ;::r (Pr).tm (2-45)
B

AB = B‘: (2-46)

Pv rf PT l:’v
B T (B To (2-478)

P, P
B, = m' Tf - —-:Z—T;ur:rf (2-47b)

Pr is the Prandtl number, Sc is the Schmidt number, PV surf is the vapor pressure at the surface, Pv o
is the free stream vapor pressure (or at the edge of the boundary layer, if available), Py and TT are
free stream total pressure and temperature (or at the edge of the boundary layer, if available), and

.0622 is the ratio of the molecular weight of water to that of dry air.
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The heat loss due to evaporation is now given by:

.l.Evn.p - M.l.'lv:p Lv (2-48)

L, is the heat of vaporization.
If the freezing fraction is equal to 1 and the surface temperature TSurf is to be computed, then
Q"Evap should be replaced by the heat loss due to sublimation, denoted by Q"Subl‘ This is given by

Qluor ™ M Lg (2-49)

where M.Subl denotes the mass flux due to sublimation per unit time and Lg denotes the heat of
sublimation. In some programs, M'Subl is computed using the same formuias as M"

Evap’
Define Q"Sink by:
Q'éink - Q'(.ionv + Q.Drop Warm * Q;:‘.vup (2-30)
The energy balarce equation is:
Q’Souru + Q'éink = 0 (2"51) 0

The conirol volume freezing fraction is calculated as follows: Assume that the equilibrium
temperature, Tsurf' is Tf. With this assumption, all quantities in the energy balance except n can be
evaluated. Now solve for n. If the calculation yieids a value of n between 0 and 1 inclusive, the
calculation is complete. If n is calculated to be larger than I, assume that n = 1 and that the excess
over 1 was because Tg, ¢ is actually smaller than Ts. So set n equal to | in the energy balance
equation, which is now solved iteratively {since several quantities depend on Tsurf) for Tourf If n
is calculated to be smaller than 0, siirilar reasoning leads to setting n equal to 0 and solving iteratively
for Tsurfs which will now be larger than Tg.

A major source of uncertainty in calculating n using this equation arises from the uncertainty in
the computation of the heat tranzfer coefficient h. if n is calculated in the stagnation region of a
cylinder, it is common to use the heat transfer correlation for a smooth cylinder (given, for example,
in reference 2-45). If n is to be ci:lculated in the stagnation region of an airfoil, the same correlation
is sometimes used with radius vqual to the radius of curvature of the airfoil. As the ice accretes, the
shape changes and the surface roughness also changes, perhaps increasing dramatically, This can have
a profound effect on the heat transfer coefficient,




Airfoil ice accretion codes must include an algorithm to calculate the heat transfer coefficient
over the entire airfoil (See Chapter IV, Section 2). If it is a time-stepping code such as LEWICE, it
must be able to calculate the heat transfer coetficient for an iced airfoil. An integral boundary layer
method is typically used (See references 2-39 and 2-46). These methods generally include roughness
terms, but a standard method for describing ice roughness has not yet been developed. NASA Lewis
has conducted experiments to determine heai transfer coefficient distributions for ice shapes
(references 2-47, 2-48). This data is essential to evaluate heat transfer coefficient algorithms. it
appears that all existing algorithms introduce substantial uncertainty intc the calculation.

Dependence of {reezing fraction on meteorological and flight variables

The dependence of the freezing fraction i on metecological and flight variables in the standard
computational model will now be illustrated by calculations at the stagnation line of a circular cylinder
of diameter 20 cm. The calculations were done using a program that is a modification of the one
discussed in reference 2-44. This program uses the heat transfer coefficient correlation for a clean
cylinder from reference 2-45. If these calculations were done for a different geometry, or with a
different program, or using a different heat transfer cocfficient correlation, the numerical values
would certainly change, but the general relationships illustrated would be much the same.

Two "baseiine conditions" are specified:

Ambient Droplet Freestream

Temperature LWC Diameter Velocity

Condition Ty (°C) g/m3 $ (pm) Voo (m/s)
a. -26 7 20 70
b, -6 1 20 70

These were chosen because both have a freezing fraction of approximately .9 and both permit the
variation of each of the four parameters individually, driving the value of n toward 0.

(It must be emphasized here that the following results indicate the magnitude of the freezing
fraction along the stagnation line only. The unfrozen water may run back (or "slide” back in the form
of large surface drops) from the stagnation line and eventually freeze somewhere on the cylinder.
This is discussed further in the next section.)

Starting with condition (a), n was calculated tor several increasing values of T, terminating with
-2 °C (figuvre 2-75a) and then the same procedure was followed starting with condition (b), again
terminating with T, = -2 °C (figure 2-75b). The figures illustrate that n decreases linearly with
increasing T,. Note that figure 2-75a, with a relatively large LWC of .7 and starting from a low
temperature of -26 °C, exhibits a much slower rate of decrease in n than does figure 2-75b, which

has a LWC of .1 and starts from a rauch higher temperature of -6 °C.




Table 2-5a shows the relative contributions to the energy balance of the main heat source and
heat sink terms for condition (a) as t,, increases. For the source terms, the relative contribution of
the droplet freezing term falls dramaticaily as the freezing fraction approaches 0 and this results in
a larger relative contribution of the aerodynamic heating term. For the sink terms, the contributions
are relatively constant. ‘Table 2-5b for condition (b) shows that because LWC = .1 the relative
contribution of the droplet freezing term is smaller at all temperatures and the relative contribution
of the aerodynamic heating term is correspondingly larger. For the sink terms, the contributions are
again relatively constaant.

Next, n was calculated for increasing values of LWC starting from both conditions (a) and (b).
The shape of the resulting curves in figures 2-76a and 2-76b can be explained as followed: By solving
the energy balance equation for n under the assumption that TSurf = 0 *C one obtains an expression
for n of the form

CZ
n = Cl + EWC (2—52)

where C | and C2 are constants. Thus n approaches the value C i asymptotically as LWC increases.
Figures 2-76a and 2-76b display this relationship. Note that for T = -26 °C (condition a) the value
of Cy is approximately .4 while for T, = -6 *C (condition b) the value of C, is approximately 1.
Note also that in figure 2-76b, starting from a small initial value of LWC = .1 g/m3, the freezing
fraction n fails very rapidly at first, going from approximately .9 to approximately .3 for LWC = .4
g/m>. _

Table 2-6a shows the relative contributions to the energy balance of the main heat source and
heat sink terms for condition (a) as LWC increases. For the scurce terms, since n always exceeds .4
as LWC goes from .7to § g/m3. a lot of water is being frozen, so droplet freezing is doaiinant for
all values of LWC, As to the sink terms, the droplet warming term becomes increasingly important
as LWC increases since increasing quantities of water impinge on the surface and warm from Teo ™
=26 °C to 0 °C. Table 2-6b for coadition (b) shows a pattern similar to that of table 2-6a for both
the source and sink terms.

Figures 2-77a and 2-77b werc calculated starting from conditions a and b respectively, this time
increasing the droplet diameter from 20 pm to §0 ym. The curves somewhat resemble the LWC
curves just discussed. The reason for this is that as the droplet diameter increases from 20 to 40 to
60 to 80 um, the collection efficiency at the stagnation point increases from approximately .4 to .7 to
.8 to .85 (note the decline in the rate of increase). This increases the amount of liquid water in the
stagnation region, so the effect is similar to simply increasing LWC. The droplet size eftect is not as
pronounced as the LWC effect because of the declining rate of increase in the collection efficiency
as the droplet diameters become large.

Tables 2-7a and 2-7b show the relative contributions to the energy balance of the main heat
source and heat sink terms for conditions (a) and (b) as & increases. The trends are similar to those
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‘ has the effect of increasing the liquid water impacting the surface.

Finally, figures 2-78a and 2-78b illustrate the approximately linear decrease in n as the
freestream airspeed Y is increased from 70 m/s to 130 m/s for both conditions a and b. This is
primarily the effect of aerodynamic heating. However, note that the dependence of n on Vo is more

‘ complicated than its dependence on the other variables. As V is increased, the collection efficiency
increases and the contributions of the convective cooling and evaporation terms change, since both
depend on the heat transfer coefficient h, and the calculation of h depends on Voo Note that n falls
much more rapidiy in figure 2-78b, which corresponds to the warmer temperature condition.
Tables 2-8a and 2-8b show the relative contributions to the energy balance of the main heat
source and heat sink terms for conditions (a) and (b) as V, increases. For the source terms, he
relative contribution of the aerodynamic heating increases steadily in importance for both conditions
(a) and (b) as V, increases. Note, however, that it makes a much larger percentage contribution for
condition (b), which has the smaller LWC of .1. As to the sink terms, comparison of the tabies shows
that the relative contribution of the droplet warming term is much smaller for the smaller LWC
" (condition (b)), with the convective and, especially, evaporative terms larger at its expense. For both
, tables, the relative contributions of the sink terms are nearly constant as V increases.
| Figures 2-81 to 2-83 (reference 2-49) are based upon an analysis published in 1952 using the
freezing fraction concept developed by Messinger (reference 2-41). The plots show an estimate of the
‘ freezing fraction for the stagnation line of a two-inch diameter cylinder in a cloud of 15 micron
- ‘ droplets at a 5,000 foot (1.5 km) altitude for LWCs of 0.2 g/m3, 0.5 g/m3, and 1.0 g/m3. Freezing
‘ fraction lines are shown as a function of ambient temperature and true airspeed. These lines would
undoubtedly shify if a different model were used. However, the general relationships and trends
would remain the same, and it is to illustrate these that the figures are reproduced here. Note that the
threshold temperatuse between types of ice (n = 0, n = .66 and n = 1.0) decreases both with increasing
airspeed and with increasing liquid water content. The choice of n = .66 as a boundary between glaze
and "intermediate” ice is arbitrary.

|
I
|
_ 1 shown in tables 2-6a and 2-6b for increasing LWC, the reason being that increasing the droplet size
|
|
i
|

o Criticiyms of the Model

Criticism of this model has focused primarily on the runback assumption, not on the conurol
volume energy balance analysis, Reference 2-50 did investigate the possibility that the control volumne
analysis should include an extra term heat source which would be proportional to the film thickness.
However, it was concluded on the basis of an order of magnitude analysis that such a term would aot
i have a major effect on the computation of the freezing fraction,
_i Much of the recent discussion of the need for revision of the model grew out of close-up movics
! (and stop action photographs) of the icing process made in the Icing Research Tunnel at the NASA
? Lewis Research Center (reference 2-51). The movies show surface phenomena at severu! positicns
j on a symmetrical wooden airfoil immersed in a cloud in the tunnel. The airfoil had a 11.4 ¢m chord,
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a 12 cm span, and a cylindrical leading edge of 1.9 cm radius. Tunnel runs were conducted for a
range of airspeeds (50 to 320 km/hr), air temperatures (above freezing down to -25 °C), and cloud
conditions. Material from the films was selected to produce a single film showing some of the most
important and interesting results (reference 2-52).

The following discussion of the picture that emerged from these films is based on reference 2-
53. It is convenient to begin with the results at air temperatures above freezing, since these reveal
the surface phenomena without the influeace of freezing (figure 2-79a). Large surface drops (beads)
are formed from the cloud droplets impacting the surface of the airfoil. When these drops are large
enough, they start to move downstream. The lower the airspeed, the larger the drops before they
start o move, As they move downstream, the larger drops apparently shed, since only smallar drops
are observed on the surface downstream, The film sequences apparently do not show any flowing film
of liquid; ali liquid transport is through the movement of large drops.

When the above-freezing experiment was performed over a rough artificial ice surface, the same
surface behavior was observed except that the surface drops grew larger before they moved.

For below-freezing temperatures and aircraft airspeeds (figure 2-79b), surface liquid transport
is again confined to the movement of large drops (the biggest of which were observed at low
airspeeds.) However, even the large drops move only in a region near the stagnation line and only
during a short initial transient phase. The size of the region of large drap movement and the length
of the initial transient phase both tend to increase with increasing sub-freezing temperatures and with
decreasing airspeed. The stagnation region initially has a thin water film; away from the stagnation
line, this film gives way to very large stationary drops on top of ice hiils. The width of the thin-film
region decreases with time, and increases somewhat with decreasing temperature. Refer to figures 2-
80a and 2-80b for stop action photographs from the film.

The film of reference 2-53 has now been viewed by a large number of researchers. Two aspects
of the picture skeiched above are sometimes discussed. First, is it true that any large surface drops
which are observed to move after the initial phase are in fact shed? Second, is it true that the thin
water film in the region of the stagnation line does not contribute to any runback?

Reference 2-54 attempts to explain the existence of stationary surface drops (which this reference
refers to as beads) in terms of contact angle and contact angle hysteresis. It is observed that the liquid
beads were often surrounded by regions of otherwise dry surfaces. The strong temperature
dependence of contact angle behavior indicates the potential importance of thermal gradients on the
ice surface. Small variations in surface temperature could restrict the mobility of water and be the
cause of the stable nature of surface water beads. A cold dry surface wouild impose a barrier to water
fiow away from a bead.

Based on the experimental observations of ice formation in the glaze ice regime, a Multi-Zone
model, in which the accreting ice surface is divided into two or more discrete zones with varying
surface roughness and water behavior, has been proposed by Hansman and his associates (references
2-55, 2-56, and 2-57). Ia the simplest version, the surface is divided into two zones, the smooth
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zoue and the rough zone. In the smooth zone, corresponding to the region observed to be centered
about the stagnation point, the surface is smooth :.ad uniformly wet with a thin water film. In the
rough zone, corresponding to the region found downstream of the smooth zone, the surface was
observed to be considerably rougher.

The standard computational model of aircraft icing does not accouni for any splashing of the
impinging cloud droplets. Reference 2-50 presents an order of magnitude argument that splashing
must occur and refereace 2-58 presents a scaling argument that it must occur. Direct experimental
evidence bearing on this question is apparentiy lacking. Thke films and photographs discussed above
would not reveal splashing droplets (which would be very small) even if they were present. If
splashing does occur, it could be important because of loss of mass and also possibiy because of the
efrzct of the small splashing droplets on the boundary layer.

2.2.3 Adhzsive Properties of In-Flight Ice

The detailed physics of how ice adheres to an aircraft surface is not well understood. However,
a limited amount of experiinental data is available which provides some insight into ice adhesion
properties. A better understanding of ice adhesion would be very useful in the design of new de-
icing systems since many of these work by breaking the bond between the ice and the surface.

Measurements have been made of ice adhesion to a variety of materials using various methods.
Two types of ice have been used; bulk and “impact” or accreted ice. Bulk ice results from freezing
a large mass of ice, similar to an ice cube. Impact ice is formed in flight or in an icing wind tunnel
from supercooled water dropiets impacting a surface at fiight speed or wind tunnel airspeed.

Several studies have focused on determining the adhesion by measuring the shear force required
to remove the ice. Stallabrass and Price (reference 2-59) made ice adhesion measurements with
accreted ice on a surface which was clean by operational standards. In figure 2-84, a comparison of
their data to that of Raraty and Tabor (reference 2-60) is shown, This figure indicates that ice
adhesion can be very sensitive to surface contamination and also demonstrates a linear relationship
between adhesion and ambient temperature (although not all the curves showa could be called linear).
Adhesion strength is zero at zero degrees Celsius and increases linearly as the temperature decreases
below freezing. Loughborough and Haas (reference 2-61) also found an approximately linear relation
for several materials and tabulated its slope for those materials, table 2-9. Note, however, that their
measurements were taken using bulk ice. Stallabrass and Price (reference 2-59) found thai accreted
ice on metals had low adhesion values compared to th~* of bulk ice. This may be due to the reduced
contact area resulting from the non-uniformity of the ice accreted.

NASA Lewis Research Center (reference 2-62) has, in recent years, supported an effort to study
the structural properties o. ice formed in flight (impact ice). The objectives include the measurement
and analysis of three basic mechanical properties of impact ice: (1) tensile (e.g., Young’s modulus), (2)
shear (adhesion); and (3) peeling. References 2-63, 2-64, and 2-65 report cn this work. Only the
results on adhesion will be discussed here,
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The work reported in reference 2-64 included experimental studies of the dependence ot adhesive
shear strength on several parameters. Adhesive shear strength was found to be statistically
independent of the thickness of the ice and of the substrate tested (aluminum, stesl, necprene). The
adhesive shear strength increased slightly with both wind velocity and drcplet size, resulting in a
relationship between adhesive shear strength and droplet niomentum (figure 2-85). No relationship
was found between adhesive shear strength and either tunnel air temperature or interface temperature
below 25 °F (-4 °C). However, between 25 °F (-4 °C) and 32 *F (0 °C) a linear drop in adhesive shear
strength as a function of interface temperature was observes {{igure 2-86). (These results contradict
results reported above for the lower temperature range. This may be related to the size of the samples
employed in the studies; the sample used in the work of reference 2-64 was collected over several
weeks and was very large; a4 certain amount of day-to-day variation was observed.) Tests on surface
roughness indicated that this is 2 significant variable affecting adhesive strength. All the data showed
a great deal of scatter. This statistical variation from one test io another appears to be a real
phenomenon which must be accounted for in the design of ice ~ -otection systems that depend on ice
shedding for their operation (2-62).

In the work reported in reference 2-66, finite element modeling of the rotating ice~airfoil system
was used as the basic tool to siudy the tensile and shear stresses at the interface between impact ice and
a metal airfoil surface. la reference 2-67, a statistical analysis of adhesive shear strength data was
undertaken using the Weibuil distribution. In reference 2-68, it is showa that in the analysis of
stresses of impact ice accreted on gerodynamic surfaces, aerodynamic loading can be neglected for
Mach numbers less that .45 but must be considered at higher speeds, particularly at a high angle of
attack.

1.2.3 AERODYNAMIC PENALTIES DUE TO ICING

Structural icing of aircraft components, if not removed by ice protection systems, can cause
serious aerodynamic penalties and/or structural damage from shed ice. Ice accretion on the lifting
surfaces such as wings, tails, rotors and propellers can greatly increase the drag and reduce the lift.
Ice accretion on ron-lifting components such as nacelles, struts, landing gear, antennas, hinges, etc.,
results in lesser aerodynamic penalties. Aerodynamic penalties are usually much more serious than
the added weight due to the ice and can decrease ' \¢ ability of the aircraft to complete its mission,
thereby leading to a safety hazard.

The aerodynamic effect of ice accretion can be separated into effects due to surface roughness
and effects due to a change in body shape. That is, one can think of an ice accretion as the gross ice
shape plus the surface roughness ot the ice. Both the ice shape and surface roughness reduce lift,
increase drag, and change the pitching moment in most cases. In the following sections, these effects
will be discussed primarily with respect to airfoils. Several two-dimensional tests of airfoils with ice
accretion have been made under various conditions and these data will provide the basis for this
discussion. Some flight test results are also available and will be presente4.
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2.3.1 Wing and Tail Effects

Typical effects of ice accretion on airfoils are shown in figure 2-87. The most important eftect
of ice accretion on the lift of wing, and tails is the reduction of CLm; reduction of 40 percent for a
glaze ice shape is not unusual. Rime ice may actually increase CLM if accreted at high angle of
attack, but the performance at low C; is very poor. Depending on the particular ice accretion, a
shilt in the angle of attack for zero lift may also occur. This may be a result of the ice shape changing
the airfoil camber or of a thickening of the boundary layer as a result of the added roughness. The
drag performance of a typical airfoil with rime and glaze ice is also shown in the figure. Drag rise
varies greatly from almost no increase to increases of 500 percent cr more in some cases. "Typical®
drag increases might be on the order of 190 percent for rime ice and 200 to 300 for glaze ice.

2.3.1.1 Empirical Resuits

For very streamlined rime ice shapes the drag rise at low angle of attack is due primarity to an
increase in surface roughness. Thus data on the affects of surface roughness is relevant. Bragg
(reference 2-1) has compiled airfoil roughness data as it affects drag and the results are plotted in
figure 2-88. These curves were faired through quite a collection of data, most of which was at a
Reynoids number of at least 6 million in incompressible flow. These curves may provide a rough
estimate of the drag rise due to streamlined rime ice. The data on which the curves are based is pot
icing data. A roughness height for ice is not easily measured and is rarely available. However,
experience indicates that in using these curves a roughness height, k/c, of 0.001 works well in many
cases. The curves show that different types or families of airfoils are affected differently by
roughness. These differences may be related to the amount of laminar flow the clean airfoil
expericnces. To apply this Aata in a very approximate way to a non-NACA airfoil, one might select
the NACA family in which the airfoils have minimum drag coefficients similar to that of the non-
NACA airfoil.

For the effect of roughness on CLm“, Brumby (reference 2-69) has compiled a large amount
of wind tunnel and flight data and obtained the curve fits shown in figure 2-89. Again, the data
used are ot icing data, although a small amount of data for simulated icing roughness is included.
The data are for wings with high-lift devices retracted; the effects of various forms of wing surface
roughness differ depending on whether trailing edge flaps or leading edge devices are used. No
Reynoids number effects have been included, because ice acts as a boundary layer trip and
aerodynamic results are fairly insensitive to Reynolds numbers. The curve for localized spanwise
disturbance at the leading edge may provide a very rough estimate of the reduction in CLmu for small
rime ice shapes accreted at low angles of attack.

Empirical expressions to predict lift and drag penalties due to rime ice accretion h: ve been
developed. Unfortunately ail of these empirical methods demonstrate low accuracy when applied
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over u wide range of conditions. The reader is referred to the discussion of icing correiations in 1.2.],
Introduction.

One method developed to estimate the increase in Cpy due to rime ice on NACA airfoils is
presented in reference 2-1. The increase in CD is correlated with roughness height non-
dimensionalized by chord, the product AQE of the accumulation parameter and the overall collection
efficiency, and @ constant, 1, which depends on the NACA family to which the airfoil belongs. One
equation is used if AcE < .004 2nd another equation is used if .004 < ACE < .035. To use this method
for a non-NACA airfoil, the reference recommends selecting the constant, I, for the NACA family
in which the airfoils have minimum drag coefficients similar to that of the non-NACA airfoil, This
method works best if the ice is accreted near the airfoil design CL- A difficulty with the method is
the determination of what value to use for the roughness height.

For large glaze ice accretions, roughness effects are not significant aerodynamically compared
to the effect of the gross ice shape (reference 2-70). Figure 2-90 (reference 2-71) shows a measured
separation bubble behind the upper surface horn of a glaze ice shape. These measurements were taken
on 2 NACA 0012 airfoil with an ice shape which simulated an actual ice accretion measured in the
NASA Icing Research Tunnel. Due to the severe adverse pressure gradient as the flow attempts to
pass around the upper surface horn, the flow separaies, forining a large separation bubble. This
bubble will reattach at low angles of attack causing some lift loss, but, more significantly, a large drag
rise. Some change in pitching moment may also occur. At higher angles of attack the flow does not
reattach, causing a large reduction in CLmu' For this airfoil and ice shape the clean drag coefficient
at ¢ = 0 degrees was 0.0070; this increased to 0.0320 (about 350% increase) with the ice shape. More
than a 100% reduction in CLm“ was also measured.

The size and shape of the ice horns on a glaze ice shape are the most important features with
regard to the resuiting airfoil aerodynamics. The ice horns act as spoilers and their height and location
must be known if their effect on the airfoil aerodynamics is to be accurately evaluated.
Unfortunately, existing ice shape correlation methods are not reliable for a wide range of airfoils and
icing conditions (Section 2.2.2.3). Furthermore, while much progress is being made in predicting glaze
ice shapes using computer models, these predictions are not always accurate enough for detailed
flowfield calculations. Even if the ice shape is accurately predicted, the computation of airfoil
aerodynamics with large separation zones can be a chailenging computational task.
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Gray {reference 2-37) used an empirical method for the prediction of glaze ice e
starting point in the developmeant of an empirical equation to predict airfoil drag rise due 10 ice
accretion. While Gray's correlation has been perhaps the most widely used of the existing correlations
for airfoil drag rise due to icing, and it has given reasonably good agreement for some data sets, the
accuracy of its predictions is sometimes not within acceptable bounds. Figure 2-91, from reference
2-36, illustrates such a case. The figur~ compares drag changes due to icing for a NACA 0012
measured in the NASA Lewis Icing Reseurch Tunnel with those predicted by Gray's correlation for

the same experimental conditions. The poor agreement is not really unusual for this empirical
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correlation, or indeed for any existing empirical corielation, when applied to data other than than
used in its development.

Correlations for airfoil aerodynamics derived specifically for the xctor vase are discussed in a
later section.

2.3.1.2 Experimental Results

In recent years, the use of simulated ice shapes made of plastic and wood has increased us a
means to obtain aerodynamic data on airfoils with ice. Instrumentation and testing is considerably
simpler than for an airfoil with an actual ice accretion. Here a small sample of the available simulated
ice data will be discussed as well as some aerodynamic data on airfoils with actual ice.

Reference 2-36 studied the effect of various parameters on ice accretion shape and airfoil drag
coefficient. These data were taken in the NASA Icing Research Tunnel o a NACA 0012 airfoil.
Figures 2-92 and 2-93 show the airfoil drag as a function of total temperature and droplet size,
respectively. The ice shapes for these tests can be found in figures 2-71 and 2-72. The lower total
temperatures in figure 2-92 correspond te rime ice accretions. The airfoil drag coefficient is about
.020 at -22 °F (-30 °C), which is approximately 200 percent larger than the coefficient for a clean
airfoil. As the temperature rises, glaze ice begins to form and a large drag increase, due to the
separation aft of the ice horns, is seen. This drag increase reaches a maximum near 23 °F (-5 *C),
where Cpy is approximately an order of magnitude larger than the value for a clean airfoil; then the
drag increase drops to zero as the "no-ice-limit" near 32 °F (0 °C) is reached. Figure 2-93 shows that
the drag rise increusses as the droplet size increases. Increasing droplet size increases the collection
efficiency and, therefore, the total mass of ice accreted. As more liquid water impacts the surface,
the freezing fraction falls (glaze conditions) and the ice accretion may become more glaze in nature.
Here cases A and E are glaze shapes with large horns as can be seen in figure 2-72; therefore, the drag
is great. Reference 2-36 also shows that the airfoil drag tends to increase for both rime and glaze
shapes with increasing LWC and for increasing airspeeds.

Using simulated shapes, Ingelman-Sundberg, Trunov and Ivaniko (reference 2-72) studied the
effect of ice accretions on a large transport wing. Figure 2-94 presents the 1ift and drag performance
they obtained for a NACA $5A215 airfoil with various simulated ice shapes. Maximum lift is plotted
for various ice shapes for three flap positions. For comparison, the drag is also given for the zero
degree flap case where Cy, = 0.2. Ingelman-Sundberg, et. al. also studied the effect of ice accretion
on a complex transport wing in the approach configuration. These results are shown in figures 2-95
and 2-96. The maximum lift coefficient is reduced for all ice simulations tested. Not only is CLm“
reduced, but due to tie loss in efficiency of the flap system, the entire Cy vs. @ curve is shifted. The
airfoil drag is shown as a function of CL in figure 2-96. Here, as expected, large drag increases are
seen, especially at the higher lift coefficients.

Bragg, et. al. (references 2-73 and 2-74), studied the effect of ice accretions on a general aviation
wing with a flap system. In figures 2-97 and 2-98 the lift and drag performance of a NACA 6§3A415
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wing section with simulated ice is shown, With the exception of the generic glaze ice shape, the
shapes are based on ice accretions in the NASA Icing Research Tunnel (reference 2-75). These data
were acquired on an actual section of an aircraft wing and tested at Re = 4.7 x lO6 and M = (.15,
Maximuia lift penalties with no flap deflection, figure 2-97, are small for the rime shapes. Actually
the rime ice, Rime-7, was accreted at an angle of attack of 6.6 degrees and increases CLnu‘u' The glaze
ice does present a serious Cy penalty. Drag values are plotted in figure 2-98 and show the large drag
penalties with glaze ice. In figure 2-99, the maximum lift for several ice shapes and flap deflections
is shown. The NACA 63A4135 section was equipped with a single slotted Fowler flap for these tests.
Note that although the rime ice shape induces only a small decrease in CLm“ at &p = 0°, the wing
suffers a much larger lift penalty at the higher flap deflections.

Reference 2-76 describes an investigation in the NASA Lewis Icing Research Tunnel of the ice
accretion patterns and performance characteristics of a muiti-element airfoil model in several
configurations. The model used was an 0.18 scale model of a Boeing 737-200 ADV winy section with
chord length of 18 inches and span of 60 inches. The configurations employed in the study are shown
in figure 2-100, Configuration (a) corresponds to a cruise condition while (b) (1° flap configuration),
(c) (5° flap configuration), and {d) (15° flap configuration) correspond to various stages of approach.

The test procedure was as follows. First, the force coefficients versus angle of attack a were
determined for the clean airfoil. Second, an icing encounter was simulated and force balance
rnaeasurements were taken during the encounter to record changes that occurred. Third, force
coefficients versus « were determined for the iced airfoil. In cases where frost accreted (a tunnel
effect - see Chapter IV, Section 1) the force coefficients were determined with and without the frost.

Figure 2-101 shows the ice shape and results for a cruise configuration. The ice accretion
produced a premature stall (figure 2-101a) and increased drag (figure 2-101b). The drag values are
larger over the entire range of «, while the lift is not much affected until near CLm“. The moment
coefficient (figure 2-101¢) changes from being nearly constant below stall speed to being a linearly
increasing function of a to stall. Figure 2-101b shows a nonlinear increase in drag with respect to
time, approximating a one-third or one-fourth power law, The lift values did not change much with
time due to the low angle of attack at which the ice was accreted. These lift and drag affects were
characteristic of all the runs done in the cruise configuration. The moment coefficient did not follow
a consistent pattern for these runs.

Figure 2-102 shows results for a 1 {lap configuration, The ice shape for ail the runs in this
configuration tended to be cn the upper surface of the leading edge slat. Noie that the lift curve
(figure 2-102a) has a “flat top* indicating that stall would occur early but might not be as severe as
for the other configurations.

Figure 2-103a, shows a distinguishing characteristic of the clean airfoil in the 5° flap
corfiguration, namely a sharp drop in the lift at approximately a = 15°. The same phenomenon is
observed for the iced airfoil (a mixed accretion), but at a smaller value of a. However, figure 2-104a
shows a more gradual change in the lift curve for the iced airfoil (a rime condition). The authors
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suggest the following explanation. The rime iced lift curve of figure 2-104a is characteristic of
trailing edge stall. This suggests that the mixed ice shape of figure 2-103 retained a small separation
bubble which eventwally "burst® for higher values of a. The rime ice of figure 2-104 may have
tripped the boundary layer and prevented the formation of the leading edge separation bubble,

Figure 2-105 shows results for 2 15° flap configuration, Note the ice deposition patterns on the
lower surface.

The effect of ice on an aircraft empennage is very similar to that on the main wing. The
hovizontal and vertical tail are, however, usually of smaller chord and therefore better ice coliectors.
The ice shapes are then larger (relative to the chord of the accreting body) and the aerodynamic
penalties more severe. Perhaps even more important is the effect of the ice on the aircraft stability,
control and handling characteristics. This will be discussed briefly in Section 2.3.5.
Ingelman-Sundberg and Trunov (reference 2-77) studied the effect of ice on a three-dimensional tail
section with a NACA 64A-909 airfoil, Their results show that a thin airfoil with small leading edge
radius is less severely affected by ice. This is due to the already fow Cp _of these sections resulting
from a leading edge stall. By modifying the leading edge to increase the CLmu of the 64A-009
section, the effect of ice on CLmlx with ice was approximately the same with or without the leading
edge modification. Information on hinge moments and stick forces will be presented in Section 2.3.5.

This section has emphasized empirical methods and experimental results, Theoretical methods
are being developed and important improvements in these methods are being made. The current state-
of ~the-art in analytical methods will be presented in Chapter 1V, Section 2.4.0.

2.3.2 Propellers

Propeller blade sections accrete ice and suffer a loss in aerodynamic performance in much the
same way as wing and tail sections do. Propeller blades have a small chord and operate at a high
effective velocity, thus greatly increasing the collection efficiency and mass of ice (relative to chord
size) accreted. Due to the large centrifugal forces, ice shedding, particularly near the propeller blade
tip, is a major consideration in any propeller blade icing analysis.

Little experimental work on propeiler blade icing aerodynamics has been conducted i recent
years., Propellers for aircraft which are certified for flight into icing conditions are usually protected,
and apparently little work has been done to determine the effects of ice on propelier performance.
However, some anaiytical work conducted specificaliy on the anaiysis of propeilers in icing conditions
is reported in reference 2-78. The method uses an airfoil icing correlation and a propeller
aerodynamics code to predict icing effects on propeller performance. Miller (reference 2-79) used
the Bragg, Gray and Fleming correlations with a computer code for comparison of propeller
performance, checking against the Neel and Bright flight test data discussed in the following
paragraph. This code produced realistic thrust and power coefficients, especialiy when the radial icing
extent was known and input to the code.

Perhaps the best propeller icing data are the results of Neel and Bright (reference 2-80). Flight
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tests were conducted with one propeller of a twin-engine aircraft allowed to collect ice and the other
propeller kept ice-free. Ice thicknesses of up to one inch on the blade were measured. The spanwise
extent of ice was from zero to 95 percent. Efficiency losses were less than 10 percent in most cases,
with losses of 15 to 20 percent possibie in some situations.

The analysis of ice effects on moving surfaces adds an additional dimension to the icing problem.
Twe components of motion ¢can be important to this analysis. The first is rotational motion, which
produces Mach number (and hence total temperature) variation across the blade span, and introduces
centirifugal forces to shed ice. The second component of metion is present for a helicopter rotor but
not for a propeller: the variation of blade angle during a revolution. This motion increases the
chordwise extent of ice and may result in the operation of rotor blade sections into stall for a greater
than normal portion of the rotor disk. Therefore, the calculation of the effects of icing on 4 rotor is,
in general, more complicated than for a propeller. The propeller problem can be viewed as a special
case of the rotor problem.

The analysis of propeller icing requires the determination of the local angle of attack and Mach
number along the blade. For a propeller («i small aircraft angle of attack), the Mach number and
blade angle of attack are not functions of rotational position. Photographs have not shown any
evidence of ice beyond 99% of the span of the blade. Correlation work performed to date appears to
substantiate the use of two-dimensional wind tunnel airfoil data in propeller calculations, although
only limited data is available for correlation (reference 2-79).

2.3.3 Powerpiant

Aircraft powerplants may suffer performance and/or physical damage due to icing in three
broad categories:

1) Structural damage due to ice shedding.

2) Engine flow distribution causing stall and fiameout.

3) Icing over of instrumentation necessary for engine operation.
For reciprocating engines, the amount of air intake is smali and the internal icing problems are
primarily related to carburetor icing. However, for gas turbines a large amount of air intake is
required and, therefore, a large volume of supercooled water droplets is ingested. This sometimes
leads to serious icing problewr; on the spinner for fans, or on the front bearing housing for non-fan,
inlet guide vanes and the firs: row of compressor vanes and stator blades. Instrumentation for turbine
engines is located toward the forward and aft parts of the engine to determine the
pressure/temperature differential through the engine. This differential is extremely importait since
the power setting is based on these readings. The forward location can be susceptible to icing. It has
been speculated that a malfunction of this gage could have been one of the factors in the disastrous
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*14th Street Bridge" accident in Washington, D.C. in 1982. Since these components are usually
equipped with ice protection, this effect on vehicle performance will not be discusced here but their
protection must no: be ignored.

2.3.3.1 Nacelles

Nacelle icing is the primary cause of aerodynamic performance loss in powerplants. In addition,
since the possibility exists that any ice that forms on engine inlet lips may be ingested, these surfaces
are normally ice protected to lessen the problem of ice ingestiou into the engine. Reference 2-81
provides approximate methods for predicting droplet impingement on engine surfaces, but the report
is focused on the design of ice protection systems, not the resulting loss in aerodynamic efficiency.
Reference 2-82 presents measurements of engine cowl icing effacts on aircraft performance. On the
twin engine aircraft used, the engine cowling ice caused an aircraft drag increase of 10 percent over
the clean aircraft drag. For this case, the aircraft was flown for over 40 minutes in an icing cloud
with LWC = 0.4 g/m3 and a median droplet size of 17 microns. Sufficient data do not exist upon
which to base any empirical approach to performance loss due to nacelle icing.

2.3.3.2 Engines

Penalties due to ice accretion on engine components are discussed for two distinct types of gas
turbine engines - the turbofan with no add-on anti-icing system, and the small gas turbine (turboprop)
engine equipped with an inertial separation anti-icing system in the cow! air inlet duct, Experience
has shown that the relative magnitude of freezing fraction, hence ice shape, resulting from the
thermodynamic ice accretion process is a major parameter in correlating engine response to icing.
In general, warmer temperatures and higher liquid water content yield a lower freezing fraction which
results in non~-aerodynariic shaped glaze ice. Colder temperatures and lower liquid water content
result in a higher freezing fraction which produces more aerodynamic shaped rime ice. The former
typically produces more blockage of the compressor inlet airflow.

2.3.3.2.1 Aerodynamics of Ice Accumulation for the Turbofan Engine

The main items of concern on a turbofan are the inlet lip and spinner. The first row of stators
are not of as great concern. Although the engine can stand shedding to some extent, flameout can
occur if shedding occurs at low power settings such as may be experienced during a descent or holding
ratiern.

2.3.3.2.2 Turboprop Engine Inertial Separator Intake Losses

An ineriial separator anti-icing syst m that has been in use since 1965 is described in detail in
reference 2-83. It is based on the principle of momentum separation of liquid and solid particles
from the engine intake air, exhausting them out through a bypass duct. Figure 2-106 shows a
schematic of the configuration. A "chin"-type inlet at the front is connected to the compressor intake
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located at the rear of the engine by a relatively long duct. This duct accommodates the inertial anti-
icing system which is comprised of several articulating vanes that are actuated to the icing mode
positions, thereby setting up the desired inertial separator flow field. Vane | accelerates the inlei flow
and icing elements downward, increasing the particles’ momentum. The compressor intake air turns
upwards behind Vane 1 while the bypass air and particles of higher momentum are dumped overboard
through the bypass duct. The only hardware in this system having active icing protection is the inlet
cowl lip, which has 2 pneumatic de-icer. The standard compressor intake screen prevents any
detached ice formations from entering the compressor.

Certification testing on this engine simnulated long duration icing encounters to show the effects
on engine operation of cumulative ice buildup on ths unprotected inertial separator hardware. Figure
2-107 shows intake pressure loss versus time for the most severe icing run of the certification program
on this system. The icing parameters of this particular run were the 1cing Condition 1 of reference
2-85, a glaze ice condition. The icing facility used was of the bypassing type with the specified
condition being set in the tunnel upstream of the engine inlet with a 282 mph approach velocity.
Thus, the engine inlet dynamic pressure was also simulated. The data shows an initial pressure loss
increase of 18 percent within two minutes due to icing blockage of the screen in vane 2. Thereafter
the loss continued to increase gradually until it reached 82 percent during take-off power setting at
the end of the run. That increase of intake pressure ioss due to ice build-up had no significant effect
on the engine in meeting take-off power requiremenis. Fromn the preceding and other tests, which
included icing environments of both ice and snow particies, it was concluded that the inertial

separation anti-icing system would protect the engines agains’ any icing environment likely to be
encountered.

2.3.4 Helicopicr Rotors

Ice accretion on rotorcraft has serious effects on vehicle performance and handling characteristics.
Much of this effect is due to the icing of the main rotor. A rotor in forward flight not only
experiences the variation in icing conditions as a function of radial location, but also experiences a
wide range of angles of attack and Mach numbers as the rotor blade rotates. In the most general case,
this periodicity in Mach number and angle of attack must be considered. Helicopter rotor sections,
like propeller sections, have reiatively small chords and move at relatively high velocity; thus the
amount of ice that accretes relative to chord size is potentially large.

Mosi of our knowiedge of helicopter rotor icing has resulted from flight test data. Much of
these data were taken in ground based spray rigs with the helicopter in hover. However, a study
sponsored by NASA (reference 2-35) reports a detailed study of rotor airfoil icing conducted in the
NRC High Speed Icing Tunnel. Some of these recults are presented here.

One of the interesting features of rotor airfeil icing is the variation of Mach number and angle
of attack with azimuth. Mach number could not be varied in the icing tunnel in a manner to simulate
the rotor flowfield. Angle of attack, however, could be varied a maximnum of 9° using .n oscillating
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rig. Selected icing conditions were repeated for the airfoil oscillating sinusoidally at a frequency of
5 Hz with an amplitude of £4.5%. Ice was accreted on both an airfoil with oscillating angle of attack
and on an zirfoil with a constant angle of attack (using the mean oscillation). The lift, drag and
pitching moment for the two shapes were then evaluated at several constant values of angle of attack.
The effect of ice on lift and pitching moment was nearly the same for ice shapes accreted for constant
and oscillating angles of attack. The effect of oscillation on drag was significant (figure 2-108).
While the data show an appreciable amount of scatter, the trend of reduced drag penalty for an
oscillating ice shape compared to a constant angle of attack shape is evident,

During the test (reference 2-35), nine subscale rotor airfoil sections were tested over a wide
range of conditions. The effect of LWC, angle of attack and Mach number on rotor airfoil icing are
shown in figures 2-109 to 2-111. In figure 2-110 the angle of attack is the angle at which the ice was
accreted and the forces and moments were measured. Noteworthy in figure 2-110 is the effect of
Mach number on the ACy vs. a curves.

Based on these icing wind tunnel data, correlations for lift, drag and moment increment with
ice accretion were developed (reference 2-35). As with other icing correlations which cover a wide
range of conditicns, the error between prediction and experiment is often large. The trends predicted
by these equations are usually good, but the absolute values may he significantly in error. For the
drag increment due ice accretion, a rime equation and a glaze equation were given. Both equations
include the relative velocity seen by the blade section and a term with the helicopter forward velocity
meant to account for the airfoil oscillation. The equation for glaze ice includes the airfoil leading
edge radius and maximum thickness. An expression for the change in pitching moment is also given,

A comparison between the correlation and some of the experimental data is shown in figure 2-
112, In this case, AC, is predicted unusually well but AC,; and particularly ACy are not well
predicted. This level of agreement between experiment and correlation is not unusual.

Ice shedding was found to be a problem during this experiment, even though it was a two-
dimensional test with no centrifugal forces. At warmer temperatures, after a certain amount of ice
has accreted, the ice feathers and frost often break away, reducing the aerodynamic penalty. A
reduction in the drag penalty due to this effect was observed to be as much as 59 percent after 20
minutes. On an actual rotor, ice shedding may occur in this way but the predominant shedding
mechanism is the centrifugal force. Furthermore, Korkan (reference 2-78) showed analytically that
ihe Jce nearesi the tip causes the gieatest reduciion in aciodynamic performance of the rotor.

Several studies of the effect of ice on helicopter rotors in flight (references 2-86
to 2-90) have been made. By far the most serious effect of rotor blade icing is an increase in profile
drag. This drag increase requires a higher engine power to maintain flight conditions. The change
in collective pitch setting required is negligible, This suggests that the effect of reduced airfoil lift
on the blade performance is small. Lift effects will, however, be important in cases where blade stail
occurs due to a reduction in CLm“ due to the ice. Figure 2-113 (reference 2-87) shows the effect
on several parameters with time in an icing cloud. These data were taken on a Sikorsky H045-2
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helicopier. Note the increase in average power required between the beginning and the end of the
encounter. As discussed, little change is seen in the collective pitch.

As previously stated, the most important parameter for rotor icing is often the radial extent of
the .ce accretion. This is often difficult to measure in flight due to ice shedding. Figure 2-114 from
reference 2-91 shows the extent of icing as a function of static air temperature for a UHIH helicopter
in hover. As expected, as the static air temperature decreases, the outer extent of icing moves toward
the tip. At -4 °F (-20 *C) air temperature, the blades accrete ice in hover toc between 30 and 90
percent of the span.

Current methods for estimating the effect of ice on helicopter rotors, both in hover and forward
flight, are primarily computational. These involve using a combination of empirical and numerical
data to predict two-dimensional rotor airfoil performance which is then fed into a rotor performance
computer code. These methods idealize a complex problem which is in reality a three-dimensional
flow problem and can be extremely complex in accounting for all the variations. It is a field where
more detailed research is needed.

In hovering flight or for a tilt rotor in the propeller mode, the calculation of ice accretion on a
rotorcraft is identical to that of a propeller. However, with a standard "edgewise” rotor in normal level
flight, the angle of attack and Mach number vary around the rotor disc. The chordwise extent of ice
is a function of the mirimum and maximum angle of attack and Mach number as illustrated in figures
2-115a and 2-115b for a SA 13112 airfoil (reference 2-92), Studies to date both in France and the
United States have used the mean angle of attack and Mach number to determine ice accretion
characteristics, and have used local conditions to approximate the incremental 1ift, drag, and pitching
moment characteristics. Reference 2-35 provides information that indicates that airfoil angle of attack
oscillation has littie effect on airfoil section incremental Iift and pitching moment, but substantially
reduces the drag increment {figures 2-116a and 2-116b).

2.3.5 Vehicle Performance and Flight Controi Characteristics

Helicopter performance with ice was discussed in Section 2.3.4; however, some additional
comments on flight control will be made (references 2-86 and 2-87). The rate of descent is increased
in an autorotation due to ice accretion. Since the rotor drag is greatly increased, the rotor speed is
reduced which leads to the high descent rate. An increase in descent rate of up (o 30 percent has been
observed. Unsymmeirical ice shedding on the rotor leads to low frequeincy vibraiion uf the helicupier,
The most severe vibration occurs when the ice sheds unsymmetrically on the tail rotor. Overail
handling characteristics present no major problem in normal flight conditions. Increased throttle
settings are needed to overcome the additional rotor drag. Since early blade stall can occur due to the
rotor ice, any rapid mancuvers should be avoided.
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Perhaps the most serious fixed wing aircraft control problem due to ice accretion are those related
to the horizontal tail. This is due to the ice accretion decreasing the surface’s CLmu and thus limiting
the available tail down load. If the fail must operate in a region near CLm.x' large stick force changes
may cccur due to an altered airfoil pressure distribution.

The most complete discussions of this problem can be found in the work of Ingelman-Sundberg
and Trunov (references 2-72 and 2-93). In reference 2-73 a wind tunnel study was conducted on
three-dimensional tailplane models (including elevators) with simulated ice shapes. First, tailplanes
using 8 NACA 64A-009 airfoil section were used. This section has a very small leading edge radius
and therefore its aerodynamic performance was not seriously affected by the ice accretions. Thes.
tailplanes were then modified by changing the leading edge to simulate a NACA 0012, Figure 2-117
shows the lift and elevator hinge moment coefficients for this tailplane configuration and several ice
simulations. With the modified leading edge, the tailplane suffers a large CLmn penalty, and, near
stall, a large nose down change in hinge moment coefficient occurs. Thus, for tailplanes with airfoils
optimized for good CLm-.x when the tailplane must operate at high lift coefCicients (large downloads),
ice can have a severe effect on aircraft longitudinail control.

As can be seen from figure 2-117 a large and sudden change in Cy occurs when the tailplane,
with ice, begins to stall. Wing flaps aggravate this situation by changing the dowawash field at the
tail, thus changing the required elevator deflection to trim the aircraft. Trunov and
Ingelman-Sundberg (reference 2-93) identify three classes of tailplane ice problems. In the first case,
enough elevator is available to provide the tail download; however, the pilot experiences unusually
large stick forces. Changes may also occur in the stick force per g. The second case is characterized
by such large stick forces that the pilot cannot overcome them. The aircraft pitches nose down at a
rapid rate. In the third case, the available elevator deflection is not sufficient to maintain trim loads
with ice present. The aircraft pitches nose down ai a rapid rate requiring proper pilot action to regain
control.

The problem of horizontal tail icing should be carefully considered during the aircraft design.
Aircraft least sensitive to tail icing problems are those such that (1) the tail incidence is adjustable,
(2) the tail CLm.x is low due to the airfoil section used, or (3) the tail is designed not to require large
CLs. Flap deflection should be carefully analyzed or tested for its affect on the iced taii ¢ . formance.
Many aircraft manufacturers suggest limiting flap deflection on aircraft when tail icing is suspected.

Ice may affect the aircraft stability and control in other ways. It is anticipated that ice accretion on
the vertical surface could affect the rudder performance. This would be most iikely to occur when
maximum rudder power is needed in an engine-out case, Tailplane icing may also affect the
longitudinal stability. Karlsen and Sandberg (reference 2-94) have performed a simulation of aircraft
stability with tailplane ice. They found a lack of pitch response to strong downward vertical gusts and
unstable osciilations in pitch when elevator control is applied to correct for glideslope tracking errors.




Since the overall degradation of aircraft performance with ice has not been discussed, some brief
comiments will be made here. One of the earliest experimental studies of the performance of aircraft
with ice accretion is that of Preston ar.d Blackman (reference 2-82). They used selective de-icing of
the various aircraft components 10 determine the drag increment due to each. In figure 2-118 the
percent drag increase due to these components is shown. This research was conducted using a B-25
aircraft. It is important tc note that a large percentage of the drag rise is from non-lifting surfaces.
Uulike wing sections, little data is available on the drag rise due to ice accretion on these components.

In Leckman's 1971 paper (reference 2-95), he presents a method for predicting the effect of ice
on subsonic aircraft performance. He demonstrates the procedure for a Cessna Centurion and a Super
Skymaster. First, ice shapes are estimated using impingement data, then the drag penalties are
estimated and a drag build-up procedure is performed. Table 2-10 gives the percent drag increase
for the various componeats.

Leckman used experimental data from the NASA icing Research Tunnel to estimate the drag
increase of the flying surfaces. Table 2-10 represents a continuous maximum icing encounter where
T= 17 °F, MYD = 20 um, LWC = 0.46 g/m3 and the icing encounter was 20 miles in length. The
percentages above correspond to a total drag increase of &Cp, = .0550 for the Centurion and AC =
.0630 for the Super Skymaster. These calculations are compared to experimental data for the Super
Skymaster. Performance with maximum continuous ice is compared to natural icing flight test results
in figure 2-119 (reference 2-95).

Other studies have used similar methods to predict aircraft performance degradation with ice
accretion. While the basic method is the same as Leckman’s, a component build-up method for the
drag, these studies compnterized the procedure (references 2-96 and 2-97). These programs also
made use of the drag correlations discussed earlier to predict wing and empennage drag rise. These
codes, therefore, suffer the same inaccuracies as the correlations, but do provide an easy way %0
predict trends. A major problem is the estimation of the drag from the misceilaneous items as in table
2-10. A large portion of the drag can come from nacelle, fuselage, antenna, landing gear, etc. This
is especially true on a “dirty" airplane, i.e., one with a large amount of parasitic drag. At this time,
the percentage drag increase due to these non-lifting components must be estimated on the basis of
flight tests or previous experience.

Little flight test data was available in the open liierature prior to 1983 which could be used to
verify calculation methods. 1n that year, NASA Lewis initiated an icing flight test program using the
NASA Icing Research Aircraft (a Twin Otter), which has generated much useful information
(references 2-98 and 2-99). One part of the program has been to measure the effect of ice on aircraft
performance. After accreting the ice in steady flight, the aircraft exited the clouds to conduct an
aircraft performance flight test. Figure 2-120 shows the measured aircraft drag polar for various
degrees of de-icing. Note the changed slope of the Cp versus CL2 curve with the aircraft completely
iced. Also note the large portion of the drag penalty still remaining after the wings and empennage
were de-iced. Propelier and engine inlet heaters were on at ail times during the flight. This flight
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was conducted at T = 25 °F (-4 *C), LWC = (.31 g/m3. icing time = 26 minutes, MVD = |3 um,

o airspeed = 125 KIAS and 6,000 feet (1829 meters) altitude. In figure 2-121, the thrust horsepower
versus airspeed information for this flight are shown along with the single-engine power available,
This illustrates the critical flight condition of sin;.¢-engine operation of a twin-engine airplane with
ice accretion.

. . T . ‘
| - ‘

References 2-100, 2-101, and 2-102 describe the resuits of more recent research with the NASA
Icing Research Aircraft.
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TABLE 2-1. DROPLET PARAMETERS FOR THE LANGMUIR D DISTRIBUTION

| 5 ov Re K K,
' ' 6.2 05 36.24 0143 00726
'? 10.4 10 60.79 0403 0173
Lo 14.2 20 83.00 0752 .0288
- 20.0 30 116.9 1492 .0501
B 274 20 160.15 2800 0825
'] 34.8 10 20341 4517 120
o 44.4 05 259.52 7353 1749
|
|
!
|
|
1.
o
l
|
|
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TABLE 2-2, CALCULATION OF E AND B (S=0)

Av E Eov B(S=0)
05 04 002 10
10 09 .009 43
20 14 028 63
30 23 069 69
20 32 .064 77
10 40 040 80
05 49 024 85
E=.24
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B(S=0)-Av

B(S=0) = .66



TABLE 2-3. CHARACTERISTIC LENGTHS FOR SEVERAL BODIES FOR CALCULATION OF K,

BODY

Airfoil

Cylinder

Ribbons

Semi-infinite
rectangle

Ellipsoids (10%, 20%)
A/B=10,5

Ellipsoids
(A/B=2,3,5)

Cones

Elbow

* Elbow entrance width is L /4, so that L, = 4 x entrance width

CHARACTERISTIC LENGTH
Chord, ¢

Radius, D/2

Half width, b/2

Half width

Body length, L

Half body length, L /2

Cone length

Arbitrary length, L,
proportional to elbow size’

I12-59

DATA SOURCE

All airfoil data

NACA Rpt. 1215
(Reference 2-32)

AAFTR 5418
(Reference 2-2)

NACA TN 3658
(Reference 2-32)

NACA TN 3099
(Reference 2-27)
NACA TN 3147
(Reference 2-28)

WADC TR 53-284
(Reference 2-30)

WADC TR 53-284
(Reference 2-30)

NACA TN 2999,
(Reference 2-24)
NACA TN 3770
(Reference 2-25)




Characteristic

Air Temperature
Liquid Water Content
Aircraft speed
Droplei Size

Ice Color
Ice Density
Ice Shape

TABLE 2-4. ICE ACCRETION CHARACTERISTICS

Rime
Low
Low
Low
Small

Opaque
Low
Streamlined

12-60

Near Freezing
High
High
Large

Clear or Translucent
Near 1 g/cc
Double Hora




i TABLE 2-5. PERCENTAGE CONTRIBUTIONS OF MAIN TERMS IN ENERGY BALANCE
FOR INCREASING T_, FOR A CIRCULAR CYLINDER WITH DIAMETER 20 CM

(a) LWC =7 g/ms, Droplet Diameter § = 20 um, V , = 70 m/s

Percentage contribution of

Heat Source Terms Heat Sink Terms

: Droplet S

i T Aerodynamic Droplet Kinetic Convective Evaporative Droplet S

! & n Heating Freezing Energy Cooling Cooling  Warming .
2] =26 90 5 94 1 48 15 36 e

! =20 .10 6 93 1 47 18 35 e

. -4 .49 8 91 1 46 21 33 b

i -8 27 14 84 2 44 24 32
| -2 .03 53 38 9 44 25 31

(b) LWC = .1 g/m®, Droplet Diameter 4 = 20 pm, V, = 70 m/’s

Percentage contribution of

of
- w Reat Source Teris Heat Sink Terms
- Dreplet
! T Aerodynamic Droplet Kinetic Convective Evaporative Droplet .
# & n Heating Freezing Energy Cooling Cooling  Warniing 3
L -6 93 24 75 I 60 34 6 Cid
T -4 53 36 63 1 59 35 6

2 .10 73 25 2 60 34 6 ks
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TABLE 2-6. YERCENTAGE CONTRIBUTIONS OF MAIN TERMS IN ENERGY BALANCE
FOR INCREASING LWC FOR A CIRCULAR CYLINDER WITH DIAMETER 20 CM O

(a) T = -26 °C, Droplet Diameter § = 20 gm, V__ = 70 m/s
o0 o0

; Percentage contribution of

Heat Source Terms Heat Sink Terms
| Droplet
| LWC Aerodynamic Droplet Kinetic Convective Evaporative Droplet
! g/m3 n Heating Freezing Energy Caoling Cooling  Warming
4 0.7 90 5 95 1 48 15 36
i 0.8 .83 4 95 1 46 14 40
: 0.9 .78 4 95 1 44 14 42
K 1.0 13 4 95 1 42 i3 45
4 2.0 .54 3 96 1 29 9 62
l 3.0 47 2 96 2 22 7 71
| 4.0 A4 2 97 2 18 6 77
| 5.0 42 1 97 2 15 5 80
i
|
y (b) T, = -6 °C, Droplet Diameter § = 20 pm, V _ = 70 m/s o
' Percentage contribution of
- Hcat Source Terms Heat Sink Terms
E Droplet
_ LWC Aerodynamic Droplet Kinetic Convective Evaporative Droplet
| g/m3 n Heating Freezing Energy Cooling Cooling  Warming
i 0.1 93 24 75 1 60 34 6
0.4 .28 21 77 2 51 29 21
‘ 0.7 .19 18 79 3 44 25 32
1.0 Jd35 16 80 4 39 22 40
8 1.3 14 14 82 4 34 19 46
; 1.6 12 13 82 5 31 18 51
. 1.9 1 12 83 5 28 16 56
2.2 1 il 84 ) 26 15 59
2.5 AC 10 84 6 24 14 62
2.8 10 9 85 6 23 13 65
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41 TABLE 2-7. PERCENTAGE CONTRIBUTIONS OF MAIN TERMS IN ENERGY BALANCE FOR ;
M INCREASING DROPLET DIAMETER § FOR A CIRCULAR CYLINDER WITH .
' DIAMETER 20 CM s

4 (@) Ty, = =26 °C, LWC = .7 g/m%, V, = 70 m/s
0 J Percentage contribution of
_ "“2 Heat Scurce Terms Heat Sink Terms
& Droplet
e é Aerodynamic Dioplet Xinetic Convestive Evaporative D:oplet
,',g,i sm n Heating Freezing Energy Cooling Cooling ~ Warming
A 20 90 5 95 1 48 15 36
A 40 .68 4 95 1 H 12 4%
; 60 64 3 95 1 37 11 52
" 1 80 .62 3 26 1 35 11 54
”‘Hi (b) To, = =6 °C, LWC = .1 g/m®, V,, = 70 m/s
0 '1 Percentage contribution ¢f
'I w Heer Source Terms Heat Sink Terms
Drapiet
. § Aerodynamic Droplet Kinetic Convective Evaporative Drcplet
[ pm n Heating Freezing Energy Cooling Cooling Warmung
T 20 93 24 75 H 60 34 6
} 40 .60 24 76 H 58 33 10
! 60 52 23 76 1 57 32 11
- 80 49 23 76 1 56 a2 12
i |‘9\ S
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TABLE 2-8. PERCENTAGE CONYRIBUTIONS OF MAIN TERMS IN ENERGY BALANCE

m/s
70
80
90
100
119
120
130

130

90
82
76
)
.67

-

fle2 8

59

FOR INCREASING V_, FOR A CIKCULAR CYLINDER WITH DIAMETER 20 CM

(@) T, = -26 °C, LWC = .7 g/m>, Droplat Diameter § = 20 am
Percentage contribution of

Heat Source Termns Heat Sink Terms

Diaples
Aerodynamic Droplet Kinetic Convective Evaporative Droplat
Heating Freezing Energy Cooling Cooling  Warming
5 95 1 43 15 36
6 93 1 46 14 39
7 92 i 45 14 42
8 20 2 43 13 44
io 88 2 42 13 46
i1 86 3 40 12 48
13 84 4 39 1i 49

(b) T, =-6°C, LWC = .1 g/m3, DROPLET DIAMETER § = 20 pm
Percentage contribution of

Heat Source Terms Heat Sink Terms

Dropiet ]
Aerodynamic Droplet Kinetic Convective Evanorative Droplet
Heating Freezing Energv Cooling Cooling  Warming
24 75 1 60 34 6
32 67 1 60 33 7
40 58 1 60 32 8
50 43 2 60 32 8
61 37 2 60 30 9
72 25 3 60 30 19
85 i1 3 61 29 19
I2-64
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TABLE 2-9. TEMPERATURE DEPENDENCE OF ADHESION (REFERENCE ;.g1)

Temperature Slope

Material (1bs. per Sq. In. per °C)
Ice 0.0
Steel -7.4
Copper -5.0
Aluminum -8.8
Glass (96% silica) -4,5
Polyethylene -5.8
Rubber -6.0
Silicone treated rubber -0.4
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TABLE 2-10. COMPOWENT PERCENTAGE DRAG INCREASE ‘

Icing Drag Contribution, Percent

Component Centurion Super Skymaster
Wing 59 38
Horizontal Stabilizer 15 5
Vertical Stabilizer 6 8

ing Struts -- 25

Misc. (engine cowls, nose

antenna, etc.) 20 24

kel

s <

I 2-66 o
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NRCA 0012 CHORD (M) .3 I v (Mss.) 70.00
T (SEC) 0.00 P (KPR) S0.75 TEMP (C) -12.80
LWC_(G/M3) _ 0.50 H (%) 100.00 DOD_(MIC) 5.00
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O FIGURE 2-3. COMPARISON OF DROPLET TRAJECTORIES
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FIGURE 2-7. DEFINITION OF LOCAL IMPINGEMENT EFFICIENCY PARAMETER B
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‘ FIGURE 2-8. EXAMPLE OF IMPINGEME.IT EFFLCLENCY CURVE (B-CURVE)
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FIGURE 2-11. TOTAL COLLECTION EFFICIENCY OF A NACA 0012 AIRFOIL ’
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FIGURE 2-16. PROJECTED HEIGHT (DIMENSIONLESS) OF SEVERAL AIRFOILS
. PLOTTED VERSUS ANGLE OF ATTACK
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FIGURE 2-28. TWO-DIMENSIONAL "CLEAN" MODEL SECTIONS
(REFERENCE 2-15)
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FIGURE 2-32.

BLOTTER STRIP

LOCATIONS ON BOEING 737-300 INLET
FOR o = 0® AND o = 15 TESTS {(REFERENCE 2-15)
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. TESY RUM 1D: 091385-5C6C8-4IN-CYL 4 INCH CYLIN

DEN
; TRUE AR SPEED = $1.02 mA (181.22 mph)
| Tl JO T I 1 S
. 'y = ) " N
: AM/VWATER PRESSURE RATIO o 080 pus THEORY
-

1 COLLECTOR LFHCIENCY 036

. w0
o
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=
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- ﬂ”{::‘ib‘:‘
LOCAL IPWNGELEENT EFFIOBICY (D
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. @0 80 -0 -34 00 30 60 %0
3 SUNFACE DISTANCE FROM HIGHLIGHT ~ am

i
; UPPER* !~ LOMER

MVD = 16.45 MICRONS

FIGURE 2-33. IMPINGEMENT EFFICIENCY CURVES (EXPERIMENTAL AND
OMPUTATIONAL) FOR A 4-INCH CYLINDER (REFERENCE 2-15) o
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‘ TEST RUN 10: 12GA5-4.5.68C-015-0 NACA 63,013 (
2 8155 e (182.00 mph
: o 018 DESL 0 o
s (1371
! AIR/WATEN PRESSURE RATIO = o082 peis) TREORY
COLLECTOR EFFICIENCY = 08s

€

e

LOCAL MAPMINGEMENT EFFcecy (0
£ &

&

£

“GO0 90 <~&0 =30 00 30 & 92
SUNACE DISTANCE PROM HIGHUGHT ~ am

UPPER « - LOWER

MVD = 16.45 MICRONS

FIGURE 2-34. IMPINGEMENT EFFICIENCY CURVES (EXPERIMENTAL AND
COMPUTATIONAL) FGOGR A NACA 65,015 AIRFOIL AT « = 0°
0 (REFERENCE 2-15)




TEST RUN 10: 092683-4.5.65C-SUP-0  SUPENCRITICAL

AmFOL

TRUE AN SPEED . S1L3ms (18147

Tl e T, P e, ey © et cara
TUNNEL uR ssAf kP2 (1371

AR/ WATER PRESSURE RATIO = 080 3.7 puda) THEORY
COLLECTOR EFFICIENCY . 086

B L0

0.9

, | S o7

.6

¢35

: !

0.8

-0 -90 ~60 -10 00 16 6.0 9.0
SURFACE DISTANCE FROM HIGHUGHT *= omy

URER « | - LOMR

MVD = 16.45 MICRONS

FIGURE 2-35. IMPINGEMENT EFFICIENCY CURVES (EXPERIMENTAL AND
o COMPUTATIONAL) FOR A MS(1)~0317 AIRFOIL AT & = 0°
i {REFERENCE 2-15) 0
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@ TEST AUN ID: 092635-12-LG ICE SHAPE
TRUE AIR SPEED
TUMNZL TOTAL TIMS
TUNMEL STATIC PRESSURE
AIR/WATEX PRESSURE RATIO
COLLECTOR EFHOENCY

81.10 mss 18187 m
103 C $0.5 F) oh)

13.71 psia)

S

i 0.9

o
[

e
y

id
Y

(=]
>

IMPINGEMENT EFFICIENCY ~ 8
e
L

IR

, WL \
1 \

-4 -3 0 3 ¢ 9
SURFACE DISTANCE FROM HIGHUGHT ~ cm
ICE 12 LARGE GLAZE

MVD = 20.36 MICRONS

FIGURE 2-36. IMPINGEMENT EFFICIENCY CURVE (EXPERIMENTAL) FOR A
0 2-INCH CYLINDER WITH GLAZE ICE (REFERENCE 2-15)
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TEST RUN 10: 08210%-1.2.3E-AX-15 AKISVMM INLET

i TRUE AR SPEED 76.98 mis 172. l.ll\
| R IoTh D B B e @
: 95.44 kP, 1
3 AR/ WATER PRESSURE RATIO T o (ks i) THEORY
I COLLECTOR EFMIGENCY = 089
: 1
i
f 0.9
!
|
0.8

o
S
-

o
-]
\L\-‘

o
>

LOCAL IMPINGEMENT EFFICENCY (8)
o
& ¢ {

SU??ACE DISTANCE FROM HIGHUGHT ~
(POSITIVE S VALUES ON INNER SURFACE)
(A1) MVD = 20.36 MICRONS, MASS FLOW = 22.95 LBM/SEC, 6 = 0°

e.3
]
02
: ]
N .
- X
. i -
i [
i ° ]
i -2 -9 -3 0 ¢ 9
i

FIGURE 2-39. IMPINGEMENT EFFICIZNCY CURVES (EXPERIMENTAL AND
COMPUTUTATIONAL) AT © = 0° FOR AXISYMMETRIC INLET AT

a = 15° (REFERENCE 2-15) ‘
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HIGHLIGHT MARK

=0

INNER COML

¥ £ ¢,
i
,: i
| INNER COwWL.
N CONFIG. 1
: ] s=0
] HIGHLIGHT MARK ~s \
| 737-300 INLET GEOMETRY,
' OUTER COWL-D SI0E VIEW COMPAR]ISON(SCALED)

FIGURE 2-40. HIGHLIGHT MARK AND SURFACE DISTANCE CONVENTION FOR
‘ BOEING 737-500 INLET (REFERENCE 2-15)
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TEST RUM 1D: 082385-1,2.3A-737-0 737-300 INLET

| TRUE AR SPEED 7]
@ Tkl 10T T DORRC (e TSt oaa
| ANt/ WATER PRESSURE RATIO = Mérire  (13.73p) ————  THEORY
1 COLLECTOR EFRCIENCY - o8
4 )
b |
m
i
| 0.9
|
|
|
0.8
0.7

0 51

0.5

CA4

LOCAL IMPINGEMENT EFFICIENCY (8)

-6 -3 0 3 s 9
SURFACE DISTANCE FROM HIGHLUIGHT ~ cm

(POSITIVE S VALUES ON INNER SURFACE)
MVD = 20.36 MICRONS, MASS FLOW = 22.96 LBM /SEC

-2 -9

FIGURE 2-42. IMPINGEMENT EFFICIENCY CURVES (EXPERIMENTAL AND
COMPUTATIONAL) AT A = 0° FOR BOEING 737-300 INLET
0 AT o = 0° (REFERENCE 2-15)
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NACA 0012 Radius of curvature: 1.58 % of chord Thickness: 12% of chord

| | I> @

NACA 23015 Radius of curvature: 2.48 % of chord Thickness: 15% of chord

A

N

NACA 63-415 Radius of curvature: 1.594 % of chord Thickness: 15% of chord

{

- —
i
1

A

B
|
] NACA 64-109 Radius of curvature: 6.579 % of cliord Thickness: 9% of chord
| <l — @

e

. ( NASA LS(1)-0417 Radius of curvature: 2.0243 9% of chord Thickness: 17% of chord
1
|
|

i NACA MS(1)-0313 Radius of curvature: 1.5928 % of chord Thickness: 13% of chord

A
\/

FIGURE 2-47. AIRFOIL PROFILES FOR IMPINGEMENT PARAMETER PLOTS IN
‘ FIGURES 2-48 THROUGH 2-59 0
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FIGURE 2-48.

THEORETICAL DATA ON THE COLLECTION EFFICIENCY OF
SEVERAL AIRFOILS (a = 0°)
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FIGURE 2-49. THEORETICAL DATA ON THE COLLECTION EFFICIENCY OF
SEVERAL AIRFOILS (a = 4%) ‘
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FIGURE 2-50.

THEORETICAL DATA ON THE COLLECTION EFFICIENCY OF
SEVERAL AIRFOILS (a = 8%)
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FIGURE 2-51.
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THEORETICAL DATA ON THE MAXIMUM IMPINGEMENT
EFFICIENCY OF SEVERAIL AIRFOILS (a = 07)
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FIGURE 2-52.

{ S S

.10 1.0

THEORETICAL DATA ON THE MAXIMUM IMP.NGEMENT
EFFICIENCY OF SEVERAL AIRFOILS (& = 4%)
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FIG JRE 2-53.
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01 .10 1,0
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THEORETICAL DATA ON THE MAXIMUM IMPINGEMENT
EFFICIENCY OF SEVERAL AIRFCILS (a = 8°%)
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FIGURE 2-54.

THEORET CAL DATA ON THE LOWER SURFACE IMPINGEMENT
LIMIT OF SEVERAL AIRFOILS (a = 07)
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FIGURE 2-55. THEORETICAL DATA ON THE LOWER SURFACE IMPINGEMENT
LIMIT OF SEVERAL AIRFOILS (& = 4%) 0
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FIGURE 2-56. THEORETICAL DATA ON THE LOWER SURFAUE IMPINGEMENT
- o LIMIT OF SEVELAL AIRFOILS (a = 8°)
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FIGURE 2-57,
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THEORETICAL DATA ON THE UPPER SURFACE IMPINGEMENT
LIMIT OF SEVERAL AIRFOILS (& = O°) ‘
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FIGURE 2-58.

LIMIT OF SEVERAL AIRFOILS (& = 4%)
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FIGURE 2-59.
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Ko

THEORETICAL DATA ON THE UPPER SURFACE IMPINGEMENT
LIMIT OF SEVERAL AIRFOILS (a = 8°)
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. |; NACA 23018 Radius of curvature: 3.56% of chord Thickness: 18% of chord
//’-f
Wortman

FX 67-K-176/17 Radius of curvature: 0.7604% of chord Thickness: 17% of chord

p—

SC(2)-0714 Radius of curvature: 2.2012% of chord Thickness: 14% of chord

o
;
|-

FIGURE 2-60. AIRFOIL PROFILES FOR IMPINGEMENT PARAMETER PLOTS
1 ° IN FIGURES 2-61 THROUGH 2-63
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ol LEADING EDGE RADIUS, % CHURD
I
|
: FIGURE 2-61. MAXIMUM IMPINGEMENT EFFICIENCY FOR AIRFOILS
} ’ OF VARIOUS LEADING EDGE RADIUS 0
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| FIGURE 2-62. COLLECTION EFFICIENCY FOR AIRFOILS AS A FUNCTION OF
| ‘ MAXIMUM THICKNESS
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FIGURE 2-63.
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AMOUNT OF DROPLET IMPINGEMENT AS A FUNCTION OF
AIRFOIL MAXIMUM THICKNESS
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* Leading edge ‘ Leading edge

a. Angle of attack 0°, 0.5 gm/ms. b. Angle of attack 0°, 0.5 gm/ma,

11 minutes, 0.16 lb. /ft. span 12 minutes, 0.52 1b. /ft. span
Upper surface Lower surface
* Leading edge ‘ Leading edge

c. Angle of attack 2.3%, 0.5 gm/ms. 15 minutes, 0.22 lb. /ft. span

FIGURE 2-64. RIME ICE ACCRETIONS
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.

Upper surface ‘ lower surface

‘ Leading edge

.

Leading edge

T
[EDN

a. Angle of Attack 2.3, 0.5 gm/ma. 18 minutes, 0,31 lb. /ft. span

Upper surface ‘ # Lower surface

l.eading edge Leading edge

b. Angle of attack 7.0, 1.0 gm/ma. 10 minutes, 0.73 lb. /ft. span

FIGURE 2-65a. GLAZE ICE SHAPES
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Rime lce

Air speed 275 mph, ajr tota| temperatyre 0°F, Lwe

0,909m/m3, 15-microp droplet diameter, icing
time 7 min, weight of jce 0.555 b, /ft, span, change
in drag ( A CD) =0,0061

Glaze Ice

l

Chord = ¢ ft,
Scale = 172

j FIGURE 2-gg, TYPICAL Rim
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FIGURE 2-67a. GLAZE ICE SHAPES ON A SWEPT WINC
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FIGURE 2-67b.

CLOSE UP OF A LOBSTER ICE PLASTER
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<

WET GROWTH (GLAZE)

( BEAK ICE

ICE THICKNESS, 1t

FIGURE 2-68.

S
<

DOUBLE—HORNED

ROUNDED GLAZE iCE

HIGH SPEED ICE SHAPES (REFERENCE 2-35)

I 2-135




- |
o G~
2
) NO ICE LWC = .35 g/m3
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| BEAK ICE
] 20 WET GROWTH
! DRY GROWTH
1
!
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;
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il w LWC = .86 G/M3
W
o l o
| 5 -
| e WET GROWTH
! Y]
s DRY GROWTH
| -0 - ‘
i 09
g N'cg LWC = 1.20G/m3
. ‘ \BEAK ICE
“ —20 - WEY GROWTH
| DRY Gnowm\
i "}
J Q } | | L] \
0 2 4 6 8
; MACH NUMBER
FIGURE 2-69. ICE BOUNDARIES AS A FUNCTION OF MACH NUMBER
' (REFERENCE 2-35) ‘
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CASE AIRSPEED, TEMP,, LWC DVM
| km/hr o " g¢m¥ um

AB.C 209 -8 21 X

D,EF X9 <% 1.0 12

ACCRETION TiME,
MINUTES

| 2 INCH CHORD 0012 AIRFOIL
|
|

FIGURE 2-70. EFFECT OF TIME AND ANGLE OF ATTACK ON THE ICE SBAPE
0 (REFERENCE 2-36)
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CaSt DATA AIRSPEED,  TEMP,, IWC, TN,

SYMBOL  &m/hr % ¢gm® min
A u} 209 4 L3 8
B o 209 2 13 8
c o 209 % 13 8
! ] 0 209 -2 L3 3
E o 38 2 L0 62
F o 209 a8 13 8
21 INCH CHORD 0012 AIRFOIL AT & DEGRIE ANGLE

FIGURE 2-72. EFFECT OF DROPLET SIZE ON THE ICE SHAPE
‘ (REFERENCE 2-36)




Control Volume

FIGURE 2~73. CONTROL VOLUME MASS BALANCE FOR AN ICE SURFACE
i (REFERENCE 2-43)
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FIGURE

————"

Convection

Aerodynamic

- Latent Heat ‘
ot Fusion _ _ Nucleation of

Kinetic -
Energy

Sublimation / —
Evaporation ____

2-74. MODES OF ENERGY TRANSFER FOR AN ACCRETING ICE SURFACE
(REFERENCE 2-43)
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T
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I 4
fmbient Temperature T (°C)

(a) LWC = .7 g/m’, DROPLET DIAMETER 6§ = 20 um, V. = 70 m/s

SO et D I™M Q@I =-NOOT™

1 [

-6  -5.5 5 -4.5 -4 -3.5 -3 -2.5

Ambient Temperature T (°C)

(b) LWC = .1 g/m®, DROPLET DIAMETER 6§ = 20 pnm, Vo = 70 m/s

FIGURE 2-75.

FREEZING FRACTION VS AMBIENT TEMPERATURE T. FOR A
CIRCULAR CYLINDER WITH DIAMETER 20 CM
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NACA 0612 AIRFOIL WITH § MIN GLAZE ICE
a=3.8° Re=1.5x10° M=0.12

DIVIDING STREAMLINE

— — ~ STAGNATION STREAMLINE

0.10 ©0.20
i X/c

“ FIGURE 2-90. MEASURED SEPARATION BUBBLE ON A NACA 0012 AIRFO1L
‘ WITH A SIMULATED FIVE MINUTE GLAZE ICE SHAPE 0
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EFFECTS OF ICE SHAPES ON DRAG OF NACA 65A215
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WITH FLAPS AND SLATS EXTENDED

FIGURE 2-96.
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FIGURE 2-100.
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MULTI-ELEMENT AXIRFOIL CONFIGURATIONS EMPLOYED
DURING ICE ACCRETION TESTS (REFERENCE 2-76)
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ICE SHAPE TRACING AND FORCE BALANCE MEASUREMENTS FOR
FIVE MINUTE ICING ENCOUNTER WITH T = 10 °F, LWC =
1.13 G/M*, MVD = 17 ¥m, V = 158 FT/S AND & = 5°

FOR CRUISE CONFIGURATION (REFERENCE 2-76)
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FIGURE 2-102. ICE SHAPE TRACING AND FORCE BALANCE MEASUREMENTS FOR

K TEN MINUTE ICING ENCOUNTER WITH T = 26 °F, LWC =

L .92, G/M*, MVD = 14.4 ym, V = 159 FT/S AND & = 5°

! FOR 1° FLAP CONFIGURATION (REFERENCE 2-76) O
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ICE SHAPE TRACING AND FORCE BALANCE MEASUREMENTS FOR
ELEVEN MINUTE ICING ENCOUNTER WITH T = 25 °F, LWC =
.46 G/M*, MVD = 12 um, V = 158 FT/S AND a = 5%

FQOR 5% FLAP CONFIGURATION (REFERENCE 2-76)
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.42 G/M*, MVD = 13.4 uym, V = 158 FT/S AND a = 5°
FOR 5° FLAP CONFIGURATION (REFERENCE 2-76) ‘
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GLOSSARY

AGL - Above grouad level

adiabatic expansion - A process in which no heat is transferred and the mass has a decrease in
temperature.

anti-icing - Prevention of ice from forming on aircraft surfaces.
bleed air - Small extraction of hot air from turbine engine compressor.

sumuliform clouds - A cloud species characterized by vertical development with dome-shaped tops
and separated by clear spaces.

de-icing - Remova! of ice that has formed on aircraft surfaces.

engine induction system - All systems which provide air to an <ngine, i.e., for a turbine engine the
inlet lip, guide vanes, spinner, etc.

liguid water content (LWC) - The total mass of water contained in all the liquid cloud droplets within
a unit volume ot cloud. Units of LWC are usually grams of water per cubic meter of air (g/m3).

median volume Jdiameter (MVD) - The droplet diameter which divides the total water voiume present

in the droplet distribution in half; i.e., half the water volume will be in larger drops and half the
volume in smaller drops. The value is obtained by actual drop size measuren:ents.

nucleation - In meteorology, the initiation of either of the phase changes from water vapor to liquid
water, or from liquid water to ice.

stratiform clouds - A cloud species characterized by a flattened appearance and spread cut in an
extensive horizontal layer,

I3-vi
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1.3.0 ATMOSPHERIC DESIGN CRITERIA

1.3.1 INTRODUCTION

This section of the Icing Handbook discusses the FAA, military, and some foreign design criteria
derived from the icing atmosphere data discussed in Section 1.0. Aircraft design musi follow
regulatory requirements as well as atmospheric criteria. The basis for most of the information in this
section is the FAA report "Engineering Summary of Airframe Icing Technical Data", ADS-4,
(reference 3-1}, and Federal Aviation Regulations, Part 25, Appendix C (reference 3-2). Atmospheric
criteria in these documents and in the European Joint Airworthiness Requirements (JAR 25) (reference
3-3) are based on NACA reports of the late 1940 and early 1950s (reference 3-4 to 3-18). A general
specification development tree is shown in figurc 3-1 listing report numbers and dates. No new
information is contained in this tree but it provides an overview of the development of the
specification. Data presented in these NACA reports has served for a number of years. A good
critique of this old data and the FAR 25, Appendix C data can be found in reference 3-19. Recently
(references 3-20 and 3-21) further atmospheric data has been collected and analyzed that add to this
body of knowledge. This latter addition is directed towards the atmosphere belew 10,000 feet (30438
meters) AGL which influences primarily light single engine aircraft and helicopter operation. It also
adds to the environmental definition for large aircral't and military aircraft operating below normal
cruise altitude, especiaily in unexpected or prolonged holding patterns.

Design requirements are discussed in this section along with some applicable regulatory
requirements. The system design engineer must account for at least the following:

a. Determine the aircraft mission
Obtain pertinent atmospheric data for the mission envelope
Estimate the worst case icing conditions for that aircraf't mission.
Know the aircrafi design limitations - physical and economic

s a6 o

Interweave the atmospheric and regulatory data together with the design and economic
limitations 1o obtain an optimum design.

The intent of this section is to aid the design engineer in the process of interweaving the
atmospheric and regulatory data.

1.3.2 DESIGN ICING ENVELOPE
3.2.1 Transport Category Aircraft

The icing environment for transport category aircraft is defined by FAR Part 25 Appendix C
(figures 3-2, 3-3). The design criteria is described in terms of cloud liquid water content (LWC),
cloud median volume droplet diameter (MVD), ambient temperature, altitude, horizontal cloud extent,
and cloud type. Cloud 1ypes being stratiform (layer) clouds for continuous maximum conditions and
cumuliform (vertical) clouds for intermittent maximum counditions. The reason for the dif ferentiation
is discussed in Section 1.1.0.

13-1]
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3.2.2 Small Aircraft

Due to icing system cost considerations, small aircraft are much less likely than transport category
aircraft to apply for icing certification. Nevertheliess, small aircraft, which operate under FAR Par(
23 rules (reference 3-22), must meet the same icing design criteria as transport category sircraft (FAR
Part 25, Appendix C). Differences in the design of ice protection equipmeni batween small and
transport category aircraft result from differences in their mission envelopes. Somes small sircraft,
especially single engine propelier driven types, are relatively slow with maximum flight altitudes in
the vicinity of 10,000 feet (3 ki) ASL. Lest the designer get the idea that the relativeiy low liquid
water conten’ of stratiform clouds are conservative as far as icing is coacerned, a look at the end
product is needed. Measurements show that the largest liquid water contents in stratiform clouds are
to be found below 10,000 feet in the wintertime. Figure 3-10 gives a relative vaiue for ice accretion
as related to the horizontal extent of the encounter. Therefore the smali aircraft, due to their slow
speeds and low operating altitudes, would be subject to considerable icing exposures during wintertime
IFR flight. This can create as high or higher demand on an icing system as for transport category
aircraft. This only serves to point out that many different factors should be considered in the design
of ice protection systems.

3.2.2.1 Typical Values Cousidered

Tables 3-1 and 3-2 lists values which have been considered in evaiuating different types of
systems. These values sheuld not be considered the only design poiats since the extremes of the icing
envelopes must be considered as well as the type of system. For instance, a large LWC at a relatively
high temperature may have more effect on & thermal system because of the large anmiount of energy
required to elevate the muss of water to above freezing than would a lower LWC at a much colder
temperature because of the mass of waier involved.

LWC values resulting from a probability analysis of Pacific coast cumulus cioud data is compared
to the Intermittent Maximum design conditions in table 3-3 (reference 3-1). A similar comparison
for stratus clouds and Continuous Maximum design couditions is given in table 3-4 (reference 3-1).
These comparisons show that the FAR Part 25 criteria tend to be slightly conservative.

3.1.3 Rotorcraft

Recent advances in rotorcraft systems have made all-weather operations feasible. The icing
environment for rotorcraft is defined by FAR Part 29. Many operators require, or at least desire, that
their ail-westher flight envelope includes a capability ior flight into knowa (or forecast) king
conditions. This will also impact requirements on the flight operating prosedures in the Flight
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Manual, and the Minimum Equipment List, The objective of icing certification and qualification js
to verif'y that, throughout the approved envelope, the helicopter can operate safely in icing conditions
expected to be encountered in service, The envelope requirements vary with operator and qualifying
agency. Most Jesign and qualification envelopes are based on the 99.9 percentile of exceedance
probability conditions set forth by the FAA in FAR Part 29 (FAR Part 25) Appendix C (reference
3-23) or int Advisory Circular (AC) 29-2 (reference 3-24). The FAA may accept limited certification
with respect to pilet controllabie variables such as altitude and airspeed, but has not accepted
limitations that involve other parameters such as liquid water content and ambient temperature because
of the difficulty in accurately forecasting weather conditions and the difficulty of finding viable,
operationally acceptable escape routes when limitations are exceeded. Other agencies, especially the
United States military, have specified temperature and liquid water content limitations for
qualification of rotorcraft without ice protection systems and for aircraft that are equipped with ice
protection systems. For example, the US Army UH-60A BLACK HAWK, which has a bleed air
engine inlet anti-ice systern and an electro-thermal rotor deice system, is qualified for flight in super-
cooled 20 micron droplet clouds witl liquid water contents that do not exceed 1.0 grams per cubic
meter and temperatures that are not below -4 °F (-20 °C). Earlier versions of the UH-60A were not
equipped with blade de-icing systems. For these helicopters an envelope limited to liquid water
contents of 0.3 grams per cubic meter has been recommended. Similarly the Marine CH-53E
helicopter, which does not have blade de-icing capability, has received a recommendation that it be
cleared for flight in icing conditions up to 0.5 grams per cubic meter, with flight at temperatures
below 14 °F (-10 °C) limited to operational necessities oniy. Bell 214ST and Sikorsky S-61N
helicopters have been granted limited CA A clearances for North Sea operations, where an escape route
to the warmer ocean surface is available. For these aircraft the maximum liquid water content is 0.20
ard the minimum temperature is 23 °F (-5 °C). A release to fly the RAF HC-Mk|1 Chinook in icing
at temperatures above 21 °F (-6 °C) (liquid water content = .56 grams per cubic meter) was
recommended.

At this time, the design icing envelopes do not consider potentially more severe icing conditions:
freezing rain, freezing drizzle, mixed conditions (a combination of ice crystals and super-cooled
droplets), sleet, and hail, Criteria for certification and qualification in the above atmospheric
conditions have not been established. Engine induction systems may be qualified for snow operation,
therefore qualifying the rotorcraft tor flight in falling or blowing snow and blowing snow regulation
of FAR Part 29.1093 and guidance information referenced in paragraph 532 of Advisory Circular 29-
2, Change 2.

Many helicopter components and ice protection systems are subjected to qualification for flight
within specified design envelopes. However, it must be recognized that the critical design condition
will vary from one helicopter design to ancther, and trom one component to another. For example,
critical temperatures for the design and evaluation of rotor system icing may range from -4 to 10°F

(-20 to -12 9C) due to varing kinatic heaiing under different deice system operating procedures. The
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engzine inlets, protuberances, empennage and fuselage will incur more serious ice accretion at warmer
icing temperatures within the design envelope.

FAA cerufication rules differ for rotors and engines. Criteria that are peculiar to engines are
discussed later in this section. Rotorcraft may be certified to the FAR Part 29, Appendix C envelope,
as the AS322 Super Puma was in 1984, or to an altitude-limited envelope. The actual icing envelope
may be restricted to the pressure altitude for which certification is requested, but approval of a
maximum altitude less than 10,000 feet (3048 meters) is discouraged. Figures 3-11 and 3-12
summarize the original FAA 10,000-foot altitude limited continuous and intermittent icing envelopes.
These limited envelopes have a maximum liquid water conient of 1.5 grams per cubic meter. For an
electro~thermal deice system- equipped helicopter, the limitation reduces the portion of the icing
envelope wion the system will be electrically saturated as discussed in Section IIT 2.2.3, Change 2 of
AC 29-2 (reference 3-24) sanctions the use of a new characterization of the icing environment below
an altitude of 10,000 feet (3048 meters). This envelope, shown in Jigure 3-13, eliminates the
distinction between continuous and intermittent icing and uses cioud extent ts define the duration of
the icing exposure. The concept is that there is not much difference in LWC's between stratiform
clouds (continuous) and the bases of convective (intermittent) clouds. One of the more significant
differences between this envelope and the figure 3-11 and 3-12 envelopes is the higher (1.74 vs 1.5
grams per cubic meter) maximum liquid water content that results from a single observation at a
temperature of 21 °F (-6 °C). This higher liquid water content will increase the time that electro-
thermal systems may brcome electrically saturated. The new characterization also reduces the median
volume droplet diameter to as low as three microns (figure 3-13). Water catch rates have generally
been determined using the inertias of 20 micron droplets and impingement limits determined from the
trajectories of 40 to 50 micron droplets. The complete range of applicable droplet sizes should be
considered to establish the most severe icing condition for a particular component.

The rotorcraft should be capable of holding for 30 minutes in continuous icing with a fully
functional ice protection system at the most critical weight, center of gravity, and altitude. For those
aircraft certified to the envelope of figure 3-12, this requirement is met for liquid water contents up
to a maximum of 0.8 grams per cubic meter at the most critical weight, center of gravity, and altitude.

The basic U.S. military envelope (references 3-25, 3-40) has a maximum liquid water content
of one gram per cubic meter and a minimum temperature of -4 °F (-20 ©C) as shown in figure 3-14.
The UK Roya! Air Force is currently evaluating the HC-Mk1 Chinook to the design conditions of
table 3-5, which provides for continuous and periodic maximum operation down to an ambient
temperature of -4 °F (-20 Q).

The FAA engine certification rules for rotorcraft differ from rotor certification rulss, especially
for aircraft not intended for flight into forecast icing. Engine induction system icing protection is
required even if the flight manual prohibits flight into known atmospheric icing conditions. For this
case a concept of limited exposure associated with escape from inadvertant ice encounters may be
used. Under this concept, the rotorcraft is assumed to fly directly through the icing environment, and
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the exposure time can be calculated knowing the cloud horizontal extent and aircraft flight speed.
When an induction system has been qualified to a lesser rule than that required for full certification,
the engine induction system must be re-evaluated. Design of an engine induction sysiem for
continuous operation in icing is desirable in the beginning to avoid requalification if full certification
is later requested. Flight idle engine operating conditions tend to be more critical to operation and,
therefore, the design must be adequate for low speed and minimum power flight regimes. The engine
induction system may be certified for operation in snow at the discretion of the manufacturer.

3.2.4 Military Specifications

Several military specifications contain requirements applicable to the design of ice protections
systems on military aircraft. The pertinent specification is cited in the following discussions on
Airframe, Engines, and Transparent Areas.

3.2.4.1 Airframe

Anti-i¢ing systems for military aircraft are based on the requirements of Mil-A-9482 (reference
3-25) and Mil-E-87145 (reference 3-40). The parameters in Mil-A-9482 are listed in table 3-1, and
are similar to the FAA requirements for a maximum continuous icing atmosphere. The parameters in
Mil-E-87145 are similar to FAR Part 25 Appendix C.

if the operating speed on a military aircraft is great enough the aircraft need not be equipped
with anti-icing systems (figure 3-15). For military aircraft the power required for high speed provides
an excess of available power at low speeds where icing would normally occur during loiter and descent
which are very limited in duration. For commercial aircraft the descent may involve holding at a
relatively low altitude where icing is present.

3.2.4.2 Engines

Turbine engine anti-icing systems for the military are designed to the requirements of MIL-E-
5007 (reference 3-26) and Mil-E-87231 (reference 3-41). Two specific cenditions in Mil-E-5007,
quite similar to the conditions for maximum intermittent, are itemized in this spccification for the
design and testing of running wet systems (table 3-1):

ndition LWC Tenmip MYD
g/m> OF(©C) pm
Cond. 1 1.0 -4(-20) 15
Cond. 11} 2.0 23(-5) 25
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3.2.4.3 TRANSPARENT AREAS

Ice protection systems for transparent areas on military aircraft are based on the r~~uirements
of Mil-T-5842B (reference 3-42).

3.2.5 Foreign Requirements
3.2.5.1 JAR’s

The foreign requirements have been consolidated to a large extent in the Joint Airworthiness
Requirement (reference 3-3) abbreviated as JAR. The format, including the paragraph numbering
system, i5 identical to the United States Federal Aviation Regulation (FAR 25) (reference 3-2). The
icing requirements are stated in paragraph JAR 25.1419 to be designed per Appendix C which is
identical to FAR 25 Appendix C (reference 3-2).

These requirements serve as a basis for each country’s certification. However, each maintains
their own severeign rights and quite varied deviations are seen from these general requirements. The
countries utilizing JAR’s are generally the Western European Countries.

3.2.5.2 British

British Civil Airworthiness Regulations (BCAR) (D4-7 and D35-5) (reference 3-27) specify a
droplet size of 20 microns for the stratiform clouds (continuous maximum icing condition) as
compared to the 15 micron as specified by FAR 25 and JAR 25 Appendix C. The British also list
conditions for ice crystals and/or mixtures of liquid water und ice crystals as shown in table 3-6.
Also contained in the British regulation is a section on hail which is quoted as follo

Hailstone Characterw: ics:

a) Maximum size - 5 cm (2.0 in) diameter

b) Specific gravity - 0.9

¢) Encountered throughout the altitude range ( to 12,000m (40,000 ft.)
for a horizontal distance of 1 km (0.5 n mi)

d) The number of stones encountered is assumed. as 20/m2(2.0/ft2) of
frontal area or 1.0 stones, whichever is greater.

The British specification for powerplant operation list a combination of
intermittent and continuous maximum envelope for 30 minutes with a one-half mile at approximately
double the LWC of the "intermittent" condition as shown in table 3-7 and figure 3-16.

3.2.5.3 Union of Soviet Socialist Republic
The USSR requirements are similar to the British and United States except at temperatures above
and below 14 °F (-10 ©°C) the LWC is higher (figure 3-17 and 3-18). The USSR regulation (reference
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3-28, 3-29) also specifies an average droplet size of 16 sm as compared to the British volume median
drop size of 20 um and the United States volume median of 15 um. Since, for a given temperature,
the LWC is slightly higher, the Russian requirements will be more severe. (figure 3-19)

1.3.3 OTHER FREEZING CONDITIONS
3.3.1 Soow

Snow is not usually a problem as far as icing on aircraft is corcerned, since the particles are dry
ard do not adhere to the surfaces. However, it can be a problem for heated engine inlets (Sce the
discussion in Section 1.3 and that under Ice Crystals: Section 3.3.2). No quantified design criteria are
available for snow, but table 3-8 is included to show the encounter frequency of snow in addition to
other types of encounters.

3.3.2 Ice Crystals

Ice crystals by themselves do not generally contribute to airplane icing problems. However
special attention should be paid to areas of engine inlets with rough or curved ducts and/or any flow
reversal problems. Ice crystals can accumulate in these areas and dislodge as a mass to create choking
and engine damage problems. A mixed condition, that is a condition where both ice crystals and
supercooled droplets exist, probably constitutes the worst condition for engine and intake icing. The
only ice crystal concentration standards available are given in table 3-9 as compiled by the National
Research Council of Canada (reference 3-30).

3.3.3 Frost

Frost can be a sleeping killer since it may accumulate in quite heavy amounts over a ciear night
due to the effects of nocturnai radiation. (See discussion in Section 1.6.) Frost on upper surface of
wings can disrupt airflow due to the roughness of the surface, causing the flow separation thus
creating a higher stall speed.

Although no design criteria exist for frost, some regulations, FAR 135.227 (reference 3-31),
state that parts of the aircraft; namely, rotorblades, propellers, windshields, powerplant, or flight
instruments must be clear of frost, and frost adhering to any lifting surface must be "polished to make
it smooth". This criteria allows the operator to fly with frost but alerts him to the fact that a
performance penalty is expected, (reference 3-32) i.e., stall speed wili be higher. Overali it is a
recommended policy to NQT attempt takeoff with frost on any lifting surfaces.

3.3.4 Freezing Rain

The only freezing rain criteria available are presented in table 3-2. Freezing rain can cause
problems in areas where icing may not normally be a problem such as static ports, fuel and/or air
conditioning vents, exposed control horns, and exposed control cables. Some of the consideration in
dealing with freezing rain is the visualization of larger quantities of water that may run back into
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otherwise inaccessible locations and freeze. These may be harmless, except fur the added weight, or
may be deadly if the accumulation causes a significant decrease in aerodynamic performance or causes
a control surfacz to bind.

The frequency of freezing rain must be deduced from ground level observations reported in
reference 3-33 (since no flight data other than those of table 3-8 can be found). The time frequency
of rainfall rate is shown in figure 3-20 for rain and freezing rain/snow, plotted against the parameter
of annual precipitation/number of days with precipitation. For rain and freezing rain and snow
combined, the maximum frequency is 3.15 per cent for 0.06 in./hr. and 1.8 per cent for 0.12 in./hr.
The corresponding maximum frequencies for freezing rain and snow (combined) are 0.47 per cent (for
0.06 in./hr.) and 0.015 per cent (for 0.12 in./hr.). From this data it can be seen that the suggested data
of reference 3-4 (based on 0.1 in./hr.) represents a realistic value for design purposes.

3.3.5 Mixed Conditions

Mixed conditions may mean any combination ¢ ~ liquid, ice and snow (i.e., liquid/ice, snow/ice,
or liquid/snow/ice). The ratio of liquid to ice, based on total LWC has been reported to range from
25 percent at 32 °F (0 °C) to 50 percent at -4 °F (-20 °C) (references 3-34 and 3-35).

Mixed conditions are basically unstable and do not occur frequently (See discussion Section 1.7).
The effects of mixed conditions must be considered during design to minimize accretion and other
problems associated with snow and/or ice, esnecially at the higher levels of supercooled LWC (1.0
g/m3 or greater) which forms the classic "severe" icing environment. No design criteria exist for mixed
conditions but some guidance can be found in tables 3-8 and 3-9.

1.3.4 ICE ACCRETION PROBABILITIES

The probability of accumulating a specific amount of ice is of special interest for parts of an
aircraft that do not have icing protection. The data of figure 3-21 shows that 2 maximum accretion,
on a 1/8 inch diameter probe during climbout and descent is 0.4 in., whereas for continuous icing the
maximum amounts are 3.5 to 5 in., depending on the data source. (The 0.4-in. maximum during
climb and descent was based on data from jet fighter aircraft. For aircraft with lower rates of climb
and descent, the maximum value may be higher. Values of ice accretion for specific rates of climb
angd probabilities are shown in reference 3-7). These values are based on the rate of accretion on a
1/8-in. diameter probe (icing rate meter) which would have a collection efficiency of nearly 100 per
cent regardless of airspeed or drop size. For aircraft of larger size with a greater leading edge radius,
the maximum ice accretion thickness may be substantially less due to a smaller collection efficiency.

Rate of ice formation and ice shape are affected by many factors, including LWC, drop size, air
speed, temperature, body size and shape. Nevertheless, the data of figure 3-22 does indicate the
order of magnitude that might be anticipated for various levels of probabilities. Methods of predicting
ice size and shape are reported in detail in Section 2.
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At a combination of higher speed, ambient temperature and LWC, there is a limiting temperature
above which the water will not freeze completely, but will run off. This is shown in figure 3-22.
As the ambient temperature exceeds the given curves, water will freeze only partly or not at all, and
calculations of ice accretion must consider this factor. (Further discussion of this subject is contained
in Section 2.0).

3.4.1 Low-Altitude Icing Data

Most of the data presented in the previous section is based on altitudes in the range of
approximately 3,000 to 24,000 ft (914 to 7315 meters). Concern has been expressed as to the severity
of low-altitude icing, particularly with respect to light aircraft that might operate in the low-altitude
regime. Data were obtained from William Lewis of the NASA Lewis Research Center on low-aititude
icing (reference 3-36). These data (figure 3-23) and adiabatic lifting theory show that the liquid
water content is reduced at low altitude. In terms of height above the ground, maximum values for
1,000, 3,000, and 5,000 ft. (305, 914, and 1524 meters) are 0.24, 0.65, and 0.8 g/m3 respectively.
Thus, design use of the liquid water contents for normal operational altitudes will produce systems
that are more than adequate for very low altitude operation, Freezing rain at low altitudes can be a
problem also.

Little data are available on the statistical frequency of icing encounters for areas other than the
continental USA and certain areas of the North Atlantic and Pacific Oceans. One approach to the
problem is outlined in a report by R.W. Jailer (reference 3-37) in which icing probabilities for the
northern hemisphere are predicted by means of frequency data on low pressure areas and freezing
level altitudes. The assumption is made that the frequency of clouds and below freezing temperature
is proportional to the icing frequency. For January, it may be seen that the frequency varies from
0.01 (southeast USA) to 0.05 (Great Lakes area) for the continental USA. Vulues up to 0.97 are seen
in the Aleutian Islands area.

3.4.2 High-Altitude Icing Data

The data presented in Section 1.0 covers saveral hundred icing encounters, but are obtained
primarily from aircraft having operational ceilings of about 22,000 ft (6706 meters). The advent of
turbine powered aircraft with high-altitude capabilities has raised the question of whether the

of reports (reference 3-38) of icing encounters were collected by Boeing from operation of B-52 type
bombers, KS-135 tanker aircraft, and 707 commercial jet transports. These are plotted in figure 3-
24. Also included in figure 3-24 are the icing envelopes based on the NACA data (references 3-4 -
to 3-18 and 3-39) used for the FAA commercial transport criteria). Data from NACA TN 4314,
(reference 3-17) which was obtained from icing encounters during climb and descent by a jet
interceptor squadron, is aiso included.
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From the data presented, it may be seen that icing encounters above 24,000 ft. (7315 meters) are
rare, as are icing encounters below -22 °F (-30 °C). It does appear that the temperature range of the
icing envelopes could be increased by about 10 °F at the higher altitudes.

With one exception, the high-altitude icing encounters are reported as "light" icing; this is in
agreement with previous data showing reduced LWC with lower temgperature.

Two data points are found at temperatures well below -40 °F {-40 °C); however, the notation
with the Boeing data (reference 3-38) states that the temperatures were probably measured in dry air
after the icing encounter. (Temperature in clouds may be several degrees warmer than the adjacent
air.) Existence of water in supercooled droplet form at temperatures below -40 °F (-40 °C) is very
unlikely.

Based on the data available, it appears that high-altitude icing is infrequent and when
encountered is not likely to be of a severe nature. An aircraft having ice protection systems designed
to cope with the icing conditions defined in Seciion 3.2 will probably have no difficulties when icing
is encountered at high altitudes. Exceptions to this statement may cccur where extreme conditions are
deliberately sought, as in the USAF "Project Rough Rider." For routine commercial and military
operation, the statements are cousidered applicable.
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TABLE 3-1,

Evaporative A/1 System (Commercial)
Military - Mi1-A-9482
(Reference 3-25)

De-Ice Systems
Running Wet A/I Systems

Turbine Engines and Engine Inlets -
Rurining Wet
Ice Crystals/Ice and LW

Military Engines MIL-E-5007D
(Reference 3-26)

Cond I

Cond II

Freezing Rain - Exposed items other,
airframe - controls, static ports,
etc, (Referenc» 3-4)

Range in Values for Stratus Clouds

Continuous Max for Cumulus Clouds

Impingement Limit Calcuiation

GENERAL ICING DESIGN PARAMETERS

Distance LWC Temp MVD
Miles g/m3 | °F (°C)|Microns
0.43 15 (-9) 20
0.50 15 (-9) 20
0.23 0 (-18) 20
3 1.7 -4 (-20) 20
I0min/30sec| 1-8
1 -4 (-20)| 15
2 23 (=-5) 25
100 0.15 125 to 32 | 1000
(-4 to 0)
20-200 0.1-0.8]-40 to 32| 10-40
(-40
to 0)
2-6 0.2-2.5]-40 to 32} 10-40
(-40
to 0)
-—- -— --- 40
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TABLE 3-2.

RECOMMENDED VALUES OF METEOROLOGICAL FACTORS FOR CONSIDERATION

IN THE DESIGN OF AIRCRAFT ICE PREVENTION EQUIPMENT

(Based on NACA TN 1855 (Reference 3-4); Maximum Instantaneous {lass Deleted)

Liquid
Air Water Drap Pressure
Temp.| Content| Diameter |Altitude
Class °F g/m Microns |1,000 Ft. Remarks
(°c)
11-M 32 (9)] 2.5 10-15
Intermit- 14 2.2 18-20 Horizontal extent-
tent, -4 1.7 12-30 3 miles
HMaximum -22 1.0 20 15-30 Characteristic - High
-40 0.2 15-30 Tiquid water content
(-40)
32 (0) 1.3 8-15 Applicable to: Any
14 1.0 8-20 critical ccmponent of
-4 0.8 30 10-30 the Z1rpidne where ice
22 0.5 15-30 aczcetion, even though
-40 0.1 15-30 slight and of short
(-40) duration, could not be
tolerated
32 (0)] 0.4 R-15 Example: Induction
14 0.3 8-20 system (particularly
-4 n,2 50 10-30 turbine engine inlets)
-22 0.1 15-30
-40 0.1 15-30
{(-40)
[I-N 32 (0)] n.8 20 8-12
Intermit- 14 n.6 20 8-15
tent, - 4 0.4 18 12-20
Normal -22 0.1 15 15-25
-40 7.1 13 15-256
(-40)
1 3-14
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TABLE 3-2
(Cont'd.)
Liquid
Air Water |Drop Pressure
Temp. Content |Diameter|Altitude
Class °F g/m3 |Microns {1,000 Ft. | Remarks
{°C) (1,000 w)

I[11-M 32 (n) | 0.8 Horizontal extent -

Continuous| 14(-10)§ 0.6 Continuous

Maximum - 4(-20){ 0.3 15 3-22 (1-7)|Characteristic:

-22(-30)( 0.2 Moderate to Tow liquid
-40(-30)1 0.05 water content for an
indefinite period
32 (0) | 0.5 Applicable to: All
14(-10}{ 0.3 components of the air-
- 4(-2mM G,15 25 3-22 (1-7)|{plane; i.e., every part
-22(-30)| 0.10 of the airplane should
-40(-40)| 0.03 he examined with the
question - "Will this
32 (0) | 0.15 part be afiected
12(-10)}{ 0.10 seriously by accretions
- 4(-20)| 0.06 40 3-22 {1-7)}during continuous flighi
-22(-30)| 0,04 in icing conditions?"
-40(-40){ 0.01 JExample: Wing and
tail surfaces

ITI-N 32 (0) | 0.3

Continunus!| 14(-10)! 0.2 15 3-22 (1-7)

Normal - 4(-20){ 0,1

-22(-30)1 0.1

1V-M 25-32 Horizontal extent:

freazing |(-4 to n.15 1,000 0-5 (0-2){T00 mi,

Rain 0) Characteristic: Very
Targe drops at near-
freezing ftemperatures

Note: Based on 0.10 in./hr. rainfall rainjand low values of
liquid water content
Applicable to: Compo-
nents of the airplane
for which no protec-
tion would be supplied.
Example: Fuselage
static pressure air-
speed vents

1 3-15
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TABLE 3-3.

COMPARISON OF VALUES OF LIQUID WATER CONTENT FOR
PACIFIC COAST CUMULUS CLOUDS, WITH CORRESPONDING VALUES FOR

INTERMITTENT MAXIMUM CONDITIONS

Liquid Water Content (g/m3)
TN 18%5 TN 2738
(Reference 3-4) (Reference 3-6)
Temperature Drop Diameter Recommended Probability Analysis
°F (°C) Microns Design Values [Pe=.001]
32 (0) 20 2.5 2.46
32 (0) 30 1.3 1.50
32 (0) 50 0.4 0.42
14 (-10) 20 2.2 2.30
14 (-10) 30 1.0 1.35
14 (~10) 50 0.3 0.37
-4 (-20) 20 1.7 1.45
-4  (-20) 30 0.8 0.70
-4 (-20) 50 0.2 0.15
-22  (-30) 20 1.0 0,37
=22 (-30) 30 0.5 0.15
-22  (-30) 50 0.1 0
-40  (-40) 20 0.2 0
-40 . -40) 30 0.1 0
-40  (-40) 50 0.1 0




o TABLE 3-4. COMPARISON OF WEIGHTED AVERAGE VALUES OF LIQUID WATER CONTENT
FOR STRATUS CLOUDS, WITH CORRESPONDING VALUES FOR CONTINUOUS
MAXIMUM CONDITICNS

Liqu 'd Water Content (g/m3
TN 1855 ™ %7”;5)“‘——
. (Reference 3-4) (Reference 3-6)
Temperature Drop Diameter Recommended Probability Analysis
°F (°C) Microns Design Values {Pe=.001]
32 (0) 15 0.80 0.77

R 32 (0) 25 0.50 0.49

) ! 32 (0) 40 0.15 0.20

o 14 (-10) 15 0.60 0.50

14 (-10) 25 0.30 0.28
“ : 14 (-10) 40 0.10 0.08
= - 4 (-20) 15 0.30 0.17

J 0 -4 (-20) 25 0.15 0.09

R -4 (-20) 40 0.06 0.02

| -22 (-30) 15 0.20 0.02

1 =22 (-~20) 25 0.10 0.01

l =22 (-30) 40 0.04 0.003

| -40 (-40) 15 0.05 0

‘ -40  (-40) 25 0.03 0

I -40  (-40) 40 0.01 0
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TABLE 3-5. UK CIVIL DESIGN ATMOSPHERIC CONDITIONS
FOR FLIGHT IN SUPERCOOLED CLOUDS (Reference 3-27)

Alr Liquid Hori zontal Droplet Aititude o

Temperature Hat:5 Extent Size MVD Range
Condition °F (°C) (KM) (Microns) (Ft)
1 41 ( +5) 0.90
Continuous 32 ( 0) 0.80 Continuous 20 4,000 to
Maximum 14 (-10) 0.60 10,000
Icing -4 (-20) 0.30
I1 41 ( +5) 1.35 6 KM every
Periodic 2 ( 0) 1.20 100 KM of 20 4,000 to
Maximum 14 (-10) 0.90 Condition I 10,600
Icing -4 (-20) 0.45

TABLE 3-6. UK CIVIL DESIGN ATMOSPHERIC CONDITIONS
FOR FLIGHT IN ICE CRYSTAL CLOUDS (Reference 3-27)

Max, Ice Horizontal Mean
Air Altitude Range Crystal Extent particle
TEng. Content Ol aneter
*r (°C) |(m X 103) (ft x 103) | (g/w3) | (n mite) | (kw) (ma)
32°(0) | 3.0-9.0 | 10.0-30.0 8.0 0.5 1.0 0
to 5.0 2.5 5.0
-4°(-20) 2.0 50.0 100,0
1,0 300.0 500.0
1
5.0 2.5 5.0
-4°(-20) | 4.5-12.0} 15.0-40.0 2.0 10.0 20.0
to 1.0 50.0 100.0
-40°(-40) 0.5 300.0 500.0

TABLE 3--7. UK CIVIL AIRWORTHINESS REQUIREMENTS
FOR POWER PLANT (Reference 3-27)

instantaneous Maximum

Drop Diameter Altitud= Horizontal Extent

Tstfszgure LK. - g/m3 ;icrons Feet Nautical Miles
° 5.0 20 10,000 - 20,000 Cont inuous
§§° (9%0 4.0 20 10,000 - 27,500 for
-4° i-ZO 3.0 20 15,000 - 30,000 1/2 mile
-22° (-30 2.0 20 15,000 - 35,000
-40° {-40 0.5 20 15,000 - 40,000
1 3-18
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TABLE 3-8. FREQUENCY OF ENCOUNTER W'TH VARIOUS TYPES OF
METEOROLOGICAL CONDITIONS DURING THE 1948 OPERATION

Per cent of total

No. of Per cent time in continuous
min. of totai or intermittent
Condition condition|flight time|visible moisture
Clear Air 6,523 61.1 -
Liquid cloud
Continuous 209 2.0 5.0
Intermittent
Clear air predominant 509 4.7 12.1
About one-half clear 368 3.5 8.9
Cloud predominant 325 3.0 7.8
Subtotal, liquid 1,406 13,2 33.8
Mixed snow and liquid cloud
Liquid predominant
Continuous 180 1.7 4.3
Intermittent 384 3.6 9.2
Snow predominant
Continuous 310 2.9 7.5
Intermittent 108 1.0 2.6
Subtotal, mixed 982 9.2 23.6
Snow
Continuous 1,122 10.5 27.0
Intermittent 228 2.1 5.5
Subtotal, snow 1,350 12.6 32.5
Rain 335 3.1 8.1
Rain and snow 30 0.3 0.7
Freezing rain 13 0.1 0.3
Freezing rain and liquid cloud 41 0.4 1.0
Subtotal, rain 419 3.9 10.1
Total 10,680 100.0 100.0

Source: (Reference 3-15)

1 3-19




TABLE 3-9,

ICE CRYSTAL COMCENTRAYION STANDARDS

(SUPPLIED BY THE NATIONAL RESEARCH COUNCIL OF CANADA [REFERENCE 3-30])

Maximun Total Maximum
Ambient Concentration |Concentration
Tamperature Altitude|(ice crystals_]in Liquid Form Extent
°F (°C) 1,000 Ft|plus LWC) g/m3 g/m Nautical “iles
32 to ~4(0 to -20) 10 to 30 8 1 0.5
5 1 3
2 1 50
1 0.5 Indef.
-4 to -40(-20 to -40) 15 to 40 5 0 3
2 0
1 0
0.5 0 Indef,
-40 to -76(-40 to -60) 120 to 45 2 0 3
1 0 10
0.25 0 Indef.
-76 to -112{-60 to -80))30 to 60 1 1] 3
0.50 0 10
0,10 0 Indef,

Thirty minutes exposure is considered for the "indefinite" extent.

NOTES (Reference 3-30)

1. In the present state of knowledge, it is not possible to say how much
of the "total free water contents" tabulated exist in the form of water and
hew much as ice crystals, because supercooled water has been shown to exist at
temperatures down to -40 °F (-40 °C). Furthermore the percentage of ice
crystals and water may vary considerably in any one cloud.

2. From present information it appears that the worst condition for
engine and intake icing in mixed water/ice crystals occurs when there is a
small quantity of water present.

3. The following assumptions may reasonably be made for design purposes:

d. Below -40 °F (-20 °C) all the water present may be assumed to be
in the form of ice crystals.

b. Of the total free water shown in the 32 °F to -4 °F
(0 °C to -20 °C) range, not more than 1 g/m3 should be taken as
water and the remainder as ice crystals, excent where the total
water content s shown as 1 g/m3, when half should be considered
as water and half ice crystals.

¢. When the extent of the condition is shown as "indefinite,'

it s

acceptable to show that the airplane functions satisfactorily
during 30 minutes continuous exposure to the conditions.
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- ‘ Continuous maximum (stratiform clouds) atmospheric icing con-
ditions. Pressure altitude range: sea level-22,000 feet; maximum vertical extent:
6500 feet; horizontal extent: standard distance of 17.4 nautical miles.
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FIGURE 3-2. FAR 25 ATMOSPHERIC ICING DESIGN CONDITIONS - STRATLFORM CLOUDS
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MAXIMUM AND MIMIMUM [CING TEMPERATURES ARE A FUNCTION OF
ALTITUDE AS FOLLOWS:

PRESS. ALT. MAX. AMB. TEMP. MIN. AMB. TEMP.

(FEET) (DEGREES C) (DEGREES C)
0 0.0 -17.8
2000 0.0 -20.6
40C0 0.0 -23.3
8000 0.0 -23.3
8000 0.0 -23.3
10000 -3.9 -23.3

SEA LEVEL TO 10,000 FEET P.A.

1.6 AMBIENT TEMPERATURE “C
© =B
m N 20
£ ANANEEN
o I
| -i|7.8 \\\\S\\\ \\\X
L— .
i NN N
3 NN \\\
o \ng\\ﬁ\\\\
w
S . ANN
NN
o
2
O
a o Ref . 3-%4
0 10 20 30 40 S0

MEAN EFFECTIVE DROPLET DIAMETER - pum

FICURE 3-11. FAA ALTITUDE LIMITED ENVELOPE FOR INTERMITTENT ICING CONDITIONS

1 3-31




MAXTIMUM AND MINIMUM ICING TEMPERATURES ARE A FUNCTION

OF ALTI

PRESS.
(FEET

0
2000
4000
6000
8000

10000

.8

LIOUID WATER CONTENT - g/m>
H

TUDE AS FOLLOWS:

aLT. MAX. AMB. TEMP, MIN. AMB. TEMP.
) {DEGREES C) {DEGREES CI

NO I[CING BELOW 4,000 FEET

0.0 -10.0

0.0 -13.9

0.0 -17.8

0.0 -17.8

SEA LEVEL TO 10,000 FEET P.A.
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VIGURE 3-12. FAA ALTITUDE LIMITED ENVETOPE FOR CONTINOUS ICING CONDITIONS
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NEW CHARACTERIZATION
SUPERCOOLED CLOUDS
GROUND LEVEL TO 10,000 FEET AGL
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! FIGURE 3-13. FAA ALTITUDE LIMITED CHARACTERIZATION FOR SUPERCOOLED CLOUDS
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MEDIAN VOLUME DROPLET DIAMETER - 20 MICRONS
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FIGURE 3-14. US MILITARY ENVELOPE OF ICING LIQUID WATER CONTENT
VERSUS OUTSIDE AIR TEMPERATURE ’
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Liquid Water Content- g/m3
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T T e T T T
N British CAR and U,S, CAR4b:

T Maximum intermittent,

20-micron mean effective drop size,

- ——: 3-mile standard distance,

USAF MIL-E-50078B: Condition 1!
25~micron drop size (duration not

specified)

' _MI}I__fE_~_59_97_B-: Condi.tjon I, 15 microns
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BRITISH AND US STANDARD ¥WOR INTERMITTENT ICING
(REFERENCE 3-2, '-24, 3-31)
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; British Civil Alrworthiness Requirements: ;_,
‘ Maxi ti icin i
0 aximum continuous icing,
5 20-micron drop size, 30=-min, duration,
. : USSR Standards: 16-micron mean drop
' size, 15-min, duration, (30 - micron I
median drop size) I
USA CAR 4b: 15-micron mean effective  —
|! drop diameter, 20~mile standard distance, ]
' USA CAR 4b: 20~micron mean effective ;L__
| 1.0 drop diameter, -
: - USAF MIL=-A-9482: 20-micron mean drop i—
| £ size -
| w0 R b ]
| ' ——— +
’ §o0.8 R N N B
x € E ! L
, S i
F: —
<
| 2
o 0
; §p0.6 5 S |
! - m ;
‘ 0 - o i
. I G :
i .
| ﬂ-%ég ﬁ .
! T i i i J . |
| 4
| : 1]
‘ =20 =30 -40 °C
B Ambient temperature
{ 32 14 -4 -22 -40 ofF
FIGURE 3-19. COMPARISON OF US, BRITISH, AND USSR TRANSPORT
' 0 STANDARDS FOR CONTINUQUS ICING (REFERENCE 3-2,3-23,3-31)
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CAR 4b maximum continuous O Light )

w— = e =G AR 4b maximum intermittent D Moderate 2 ?:teamg ‘
O Severe (Ref. 3-38)
A Not stated
x NASA TN4314 (Ref. 3-7)
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| SYMBOLS AND ABBREVIATIONS
| 0 Symbol Description

i

u Poisson’s ratio

c speed of sound in ice, m/s
C temperature in degrees Celsius
; cm centimeter
CRT Cathode Ray Tube
| D ice thickness, millimeters
) l E Yeung's modulus
o F temperature in degrees Fahrenheit
. | 8 gram
- | hr hour
. l Hz frequency, cycles per second
, ’ km kilometer
- LWC Liquid Water Content, g/m>
' ‘ m meter
} mm millimeter
r MTBF Mean Time Between Failure
}‘ OAT Outside Air Temperature
; Rho density
f ° T time, seconds
1‘ UFR Undetected Failure Rate
|




GLOSSARY

liquid water content (LWC) - The total mass of water contained ir all the liquid cloud droplets within
a unit volume of cloud. Units of LWC are usually grams of water per cubic meter of air (g/m3).

median effective diameter (MED) - The droplet diameter which divides the total water volume present
in the droplet distribution in half; i.e., half the water volume will be in larger drops and half the
volume in smaller drops. The value is computed from assumed drop size distributions.

median volumetric dismeter (MVD) - The droplet diameter which divides the total water volume
present in the droplet distribution in half; i.e., half the water volume will be in larger drops and half

the volume in smaller drops. The value is obtained by computation from actual drop size
measurements.

microu(pm) - One millionth of a meter.




I1.1.0 ICE DETECTION

I.1.1 INTRODUCTION

The detection of the onset of an icing condition is necessary to alert ihe flight crew to activate
ice protection systems or to evade the icing condition so that the detrimental effects of ice accretion
on aircraft flight safety and performance can be miaimized or prevented. Ice detection instruments
are available in several types including those which detect ice and provide a visual display in the
cockpit and those that automatically activate ice protection systems. Currently, most ice detectors are
only certified for use as an advisory backup system to visuai crew monitoring of icing conditions,
Certification of ice detection systems as primary systems has significant implications on the design and
reliability of these systems,

The pilot techniques to avoid icing during flight are old and well known (reference 1-1).
Obviously the Outside Air Temperature {OAT) must be near or below the freezing point and there
must be some liquid water in the environment. A basic knowledge of the kinds of clouds and their
characteristics, such as extent and probable water content, is all that is necessary. Generally a pilot
can see the presence of ice by noting its growth on objects such as wiper blades, windshields, or thin
probes in easy view. At night, a light is helpful in observing ice formation; however, pilot workload
usually prevents attention to visual monitoring means.

In this section, ice detection methods are described with discussion of their characteristics,
performance, and reliability.

II.1.2 VISUAL DETECTION

It may be possible for the pilot to visually detect the presence of icing by noting its formation
on such unheated surfaces as wiper blades, portions of the windshield, or various probes within easy
view. Observing the wing leading edges for ice buildup is also recommended; however, the leading
edges are not always visible from the cockpit ares, particulary at night and on swept wing or rotary
wing aircraft. At night, a light should be used to observe ice formation. A simple and effective
method of improving visual ice detection on fixed wing aircraft is to mount a four to six inch (10.2
to 15.2 cm) rod of 1/8 to 1/4 inch (0.32 to 0.64 cm) diameter on the fuselage in a position where the
pilot can eastly observe ice formation (the rod should be long enough to extend outside the air and
water droplet boundary layers). The OAT probe in many light airplanes already serves in this capacity.

I1.1.3 COMMERCIALLY AVAILABLE DETECTORS

1.3.1 Types Available
Ice detectors are available in several types which either detect the presence of ice or the presence
of water. For the latter, an indication of the ambient air temperature is necessary to determine that
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an icing condition exists. Detectors which sense the presence of ice provide indication that an icing
condition exists and, in some cases, can be utilized to determine icing severity or rate. In the following
paragraphs, detector types are discussed in terms of the principle of operation, present use, advantages,
and disadvantages.

1.3.2 Hot Wire Ice Detectors

Hot wire ice detectors work on the principle that the transformation from ice to liquid water
takes place at a constant temperature. Typically, the detector has a thermally sensitive nickel or
nickel-alloy wire wound on a mandril that is exposed to the airstream. The wire is subjected to a
periodic current pulse which causes the wire to heat up. If there is no ice on the wire, the resistivity
will ckange linearly with time as the wire heats up. If ice has accreted, the wire temperature will
remain constant at the melting point of ice. After all the ic2 is converted to water, the wire resistivity
will again increase. The resistance plateau at the ice melting point is electronically sensed and an ice
signal generated by the electronics. When ice is detected, the probe is deiced by an internal cartridge
heater. The probe is then allowed to cool down and the sensor is again ready to accrete ice.

Typically, this type detector can detect accretions as small as 0.005 inches (0.13 mm), but due
to its design technoiogy, cannot distinguish ice thickness on the probe. An example of a hot wire ice
detector for fuselage mounting is shown in (figure 1-1). Another version is available for engine inlet
mounting,

1.3.3 Vibrating Probe Ice Detectors

Vibrating probe detectors work on the principle of an axiaily vibrating rod or probe whose
natural frequency is known. The probe forms the sensor portion and is typically mounted on an
aerodynat.ac strut,  As ice accretes on the probe, the natural resonant frequency decreases. At a
specified frequency shift, which is related to the ice mass on the probe, an output signal is generated
and prcbe heaters are energized to remove the ice. The heater is then de-energized, the probe cools
down, and is again ready 10 accrete ice. Icing severity is determined by measuring the overall cycle
rate with respect to time. Cycle time is the combination of actual ice accretion time plus recovery
time. Recovery time is the time the ice detector heaters are on plus the time for the sensing element
to reach a temperature suitable for accreting ice. Typical heater-on-times are 5 secconds. Overall
recovery time tends to vary with LWC and temperature, but is largely a function of velocity. Overall
cycle times range from 75-125 seconds for trace icing to 10-20 seconds for heavy icing, depending
upon ambient temperature and velocity (reference 1-2J.

The ice detection and measurement capability of the vibrating probe ranges up to 2 g/m3 and ice
thickness from 0.01 to over 0.10 inches (0.25 to over 2.5 mm). Accuracy of this type detector in
measuring icing severity is within £15%. An example of a non-aspiratad vibrating probe ice detector
is shown in figure 1-2. An aspirated version of this type ice detector (figure 1-3) is available for
rotorcraft application.
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Another type of vibrating sensor designed to detect ice is the "vibrating diaphragm" ice detector.
This sensor works on the principle of a diaphram (or disc) exposed io icing such that when ice accretes
on the diaphram surface its stiffness increases causing the natural frequency to increase. Water or
contaminants lower the natural frequency due to increased mass. The diaphram is forced into
oscillation by a piezoelectric material. A second disc senses frequency changes, while the conditioning
electronics measure the changes in frequency which is proportional to the accreted ice thickness. The
sensing diaphram of this instrument is mounted flush with the surface o be protected. The sensor
may be configured as a conventional finger probe or in a contoured non-intrusive design flush with
an aircraft surface. The sensor, with integrated electronics, is typically small with a surface diameter
down to 0.25 inches (0.64 cm). The operating temperature range is from -320 °F (-196 °C) to +392
°F (+200 °C). The achievable measurement accuracy for clear ice is expected to be $0.05 mm. An
example of this type sensor is skown in figure 1-4,

1.3.4 Pressure Array Detectors

These devices sense a decrease in ram air pressure whenever ice accretes over a row of holes
drilled into the leading edge of a small strut. One type is in wide use on the Navy P-3 patrol aircraft
(figure 1-5), This is a fusclage mounted device with a 3 1/2-inch strut. It has seven small holes about
1/32~inch in diameter located in-line near the tip, and one 1/4-inch diameter hole located about one
third of the way in. A differential pressure sensor monitors the ram pressure difference between the
large hole and the set of small holes. In the absence of any ice accretion the ram pressure is balanced
and independent of the airspeed. Any ice accumulation on the strut will block the small holes first,
and the resulting unbalance in ram pressure can be used to activate a warning light. At some threshold
value of the pressure difference, an internal heater is temporarily energized to meit the ice accreted
on the strut.

1.3.5 Obstruction Type lce Detectors

i.3.5.1 Light Beam Interruption Ice Detectors

Light beam interruption ice detectors (reference 1-3) operate on the principle that ice accreted
on a probe occludes a light beam (normally infrared) crossing the central area of the probe at an
oblique angle with a light sensitive receiver placed on the opposite side. The degree of occlusion is
determined by the amount of ice on the probe. When the light occlusion reaches a predetermined
level, representing maximum permitted ice thickness, a heating cycle is initiated to remove ice from
the low thermal inertia probe. The time taken to accrete ice between two predefined levels is used
as a measure of the icing rate from which liquid water content can be calculated. These units have
been aspirated to assist in detecting ice for helicopters. This type device is sensitive to as little as
0.005 inches (0.13 mm) of ice but cannot determine thickness of ice (reference 1-3). An example of
a type of light beam interruption ice detector is shown in figure -6,
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1.3.5.2 Beta Beam Interruption Ice Detectors

A beta beam interruption detector works in a similar manner to the light beam type device. The
main disadvantage of the beta beam detector is that a radioactive source is required, usually Strontium
90. This detector is capable of detecting as little as 0.015 inches {0.38 mm) of ice thickness.

1.3.5.3 Rotating Disk Ice Detectors

The rotating disk ice detector is an obstruction type instrument where a disk is exposed
perpendicular w the airstream. Ice accreting on the rotating disk is shaved off by a scraper; the
torque required to remove the ice is used to activate a warning system. An alternative ice detector
form is the rotating cylinder type ice detector which operates on the same principle as the rotating
disk.

1.3.6 Pulse Echo lce Detuctors

The pulse-echo ice detectar operates on the principle of using pulsed ultrasonic waves to measure
ice thickness over a small transducer mounted flush with an aircraft surface (references 1-4 and 1-5).
This system produces a real-time ice thickness signal wherein ice accretion rate may be determined
by electronically differentiating ice thickness with respect to time,

In operation an ultrasonic transducer containing a piezoelectric element emits a pulse (2-10 MHz)
which travels through the ice in a direction parallel to the transducer emitting axis. When (he pulse
reaches the ice/air interface it is reflected back into the ice layer. This "echo” returns to the aircraft
surface where it is detecied by the transducer which now acts as a receiver figures 1-7 and 1-8). The
velocity of the pulse-echo signal through the ice (approximately 3800 m/s) is determined by the ice
density and elastic constants. By measuring elapsed time the ice thickness, D, may be calculated from
the formula D = (CTp_e )/2 whese C is the pulse--echo signal velocity in ice (speed of sound in ice)
and Tp—e the elapsed time between the pulse emission and eche signal return,

The pulse produced by the ultrasonic transducer is a short-duration compression wave
(longitudinal wave). The velocity at which such a compression wave propagates through a solid
medium is theoretically predicted (reference 1-4) to be

(1 + v)(!

where E is the Young's modulus for the medium, u the Poisson’s ratio, and p the density of the
medium. Thus, the pulse-echo signal propagates through a solid medium at a constant velocity that
depends only on the density and elastic constants of the medium.

Attenuation of the received echo signal can be divided into three components: absorption and
scattering within the ice, and re{lection at the ice/air interface. Absorption occurs as part of the wave
vibrational energy and is stored as heat by the ice molecules and then lost through irreversible heat
transfer within the ice layer. Scattering is caused by any inclusion within the ice such as air bubbles.
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The third factor affecting the received echo signal strength is the ice/air interface shape itself. While
almost 100% of the incident wave energy is reflected by the ice/air interface, the interface shape
determiues he reflected wave propagation direction(s). Rough ice surfaces will reflect the incident
wave diffusely, while ice surfaces not parallel to the transducer face will cause the echo signal to
propagate at an angle to the transducer emitter axis. In both cases the echo intensity received by the
transducer will be diminished over that received from a uniform ice thickness with a flat, parailel
ice/air surface.

Rough and/or concave ice surfaces, characteristic of rime and glaze ice formations, scatter the
incident ultrasonic pulse. This reduces the echo signal strength received by the transducer. However,
the echo signal is not completely obscured, therefore the pulse-echo time can be measured for ice
shapes typically encountered during icing condition flight. The operational accuracy achievable
depends primarily on the transducer specifications (frequency and element diameter) and the
transducer location. An accuracy of 0.02 inches (£0.5mm) has been obtained for ice thickness
measurement of 0.04 to 1.2 inches (1 to 30 mm) (reference 1-4). The ultrasonic pulse-echo technique
also allows the presence or absence of liquid water on the iced surface to be uniquely determined by
examining the echo signal time variations received from the ice surface (reference 1-6).

An array of ultrasonic transducers (figure 1-8) has been employed on an airfoil to measure
in-flight ice accretions. The uitrasonic thickness measurement accuracy of ice accretion, in this
application, was found to be within 0.5 mm of mechanical and stereo photograph measurements.
(reference 1-6.)

The transducer is nonintrusive, small, and light weight. It mounts flush with the surface on
which ice accretions are to be measured. A cockpit display unit c£m provide the pilot with an
automatic "icing encountered” alert and indicate icing severity as well as providing ice protection
system control,

At the present time, the pulse-echo ice detection system is in the experimental stage of
development and is not being manufactured.

1.3.7 Microwave lce Detectors

The microwave ice detecting system (figure 1-9) measures both icing rate and accumulated ice
thickness (reference 1-7). This type system consists of three major components:

a. A microwave transducer

b. A data transmitter located near the transducer

¢. A cockpit-mounted microprocessor and display

The microwave transducer consists of a resonant surface waveguide embedded flush in the
surface on which ice accretes. The waveguide is constructed of dielectric material (polyethylene)
having almost the same dielectric properties as ice. When ice accretes on the surface, the ice behaves
as though it were part of the surface waveguide, effectively thickening it, causing its resonant
frequency to shift downward in proportion to the thickness of the ice layer. The frequency shift is

II 1-5




electronically related to ice thickness by means of a preestablished empirical equation stored in the
. computer. Ice growth with time is stored in the computer from which icing rate is obtained by ‘
’ differentiating ice thickness with respect to time. Icing rate change is also computed from the second
, ‘ derivative of ice thickness with time. A light is used to indicate an increasing icing rate,

| The microwave detection system is very sensitive to thin ice layers. Typically it will respond

! to an ice thickness less than 0.05 inches (0.13 mm). The system has a dynamic range that is limited
by the size of the surface waveguide. Present units have ranges up to 0.9 inches (2.3 cm). For
applications where large dynamic ranges are not the primary goal. such as for rotorcraft blades, the
transducer size can be reduced to as small as 0.25 inches (0.64 cm).

1.4.1 Fixed Wing Aircraft

There are several aethods to indicate icing conditions to pilots, The most used method in a non
] Cathode Ray Tube (CRT) type cockpit is a "Master Caution Light" in conjunction with another
' warning light to annunciate an icing encounter to the pilot. This method is often used where the ice
protection system controls must be manually energized. Other systems which automatically energize
ice protection systems merely report the presence of ice via a panel light or in some cases not at all.
i The latter is often the case where the ice protection systems on the aircraft have little or no effect on

|
{
|
|
'|
]
|
[ IL1.4 INDICATOR OPTIONS

i the aircraft’s power availability and/or mission performance. ‘
In a cockpit where most of the system monitoring is doue by computer and CRT readouts, a
typed phrase such as ENGINE ICING or AIRPLANE ICING is used to alert the crew to an icing

l encounter. Again the ice protection system may or may not be automatically triggered by the ice
warning outpui signal.

| A FAIL signal is available on some ice detector umnits, especially those which utilize a
} microcomputer in their circuitry. A fail output can most effectively be used if such an output can
| be tied into a maintenance log aboard the aircraft. The fail signal circuit should be designed to

o reliably output a fail signal anytime the ice detection unit is not capable of outputting an ice warning
\I signal during an icing encounter. In addition, the fail output circuitry should be designed such that
‘ it will not generate a false icing signai during a fail situation. There may be some exceptions to this
i rule, such as a heater failure, which does not affect the unit's capability to correctly detect an icing
| encounter.

1.4.2 Rotary Wing Aircraft
The general provisions stated above for fixed wing aircraft apply as well to the rotary wing
I aircraft. However, rotary wing aircraft have special requirements for icing indication. All-weather
] rotary wing aircraft require a systeni tor removing the ice from the rotor blades. Generally, this is
" done by thermal methods. The blades, being thin, can be damaged by too much heat. However, ice
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will not be shed if too liitle heat is applied. Thus the rate of ice accretion and the OAT are usually
required to properly determine the amount of heat needed to deice the blades. The use of an ice
detector only may not be sufficient to determine the rate of ice accretion. The cloud LWC that the
aircraft is passing through must also be determined. The ice accretion rate output signal from the
measuring instrument is nornally fed into a blade deice ¢~ 1trolier unit which will integrate the OAT
with the icing severity to control the rotor blade heatcrs. The system may be designed for manual
control in the event of an ice detector failure. The use of a fail signal in a rotary wing aircraft is
extremely important since the aircraft may be highly dependent on the icing rate detector for sustained
tlight in icing conditions.

11LLS RELIABILITY CONSIDERATIONS

Actua! reported reliability experience for the vibrating probe type ice detector (Section 1.3.3)
has been in excess of 8,000 flight hours mean time between re.novals, This is based on the use of this
type of ice detector on the Lockheed L-I0l aircraft over a ten year period. In addition, the vibrating
probe type ice detector has been used by the military, both foreign and domestic, for over fifteen
years. In gene:al, the reported reliability assessment by these military users have indicated a high
degree of confidence in this type of ice detector. The other types of commercially available ice
detactors do not have a sufficient data base by which any reasonable reliability assessment can be
made at this time.

Another reliability consideration for ice detectors when used in a critical ice protectioi scenario
is the Undetected Failure Rate (UFR). The UFR is the MTBF of undetectaole failures within an ice
detector that would cause no ice warning output in an icing atmosphere. This UFR, from 2 user
viewpoint, must be sufficiently small to assure safe operation of the aircraft for a reasonable time
period after an ice detector system has been pre-flight checked for proper performance. A suggested
UFR would be 10-9 failures per flight hour based on a 10 hour or less flight. This is based on FAR
25.1309 for acceptable reliability performance of other flight critical systems.

The reliability of individua! ice detector probe designs is, however, beyond the scope of this
discussion. The end user and detector m'anufacturer must assess the practicality of the individual
design for such aspects as design ruggedness, temperatures to which the probe may be subjected, and
other conditions that may affect reliability.
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GLOSSARY

liguid water content (LWQC) - The total mass of water contained in ali the liquid cloud droplets

within a unit volume of cloud. Units of LWC are usually grams of water per cubic meter of air
3
(g/m”).

median effective diameter {MED) - The droplet diameter which divides the total water volume

present in the droplet distribution in haif; i.e., half the water volume wili be in larger drops and
half the volume in smaller drops. The value is obtained by computation from an assumed drop size

distribution,
miedian volumetric diameter (MYD) - The droplet diameter which divides the total water volume

present in the droplet distribution in half; i.e., half the water volume will be in larger drops and
half the volume in smaller drops. The value is obtained by computation from actual drop size
measurements.

migron (um) - One milli ... of a meter.
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2.0 ICING MEASUREMENT INSTRUMENTS

11.2.1 INTRODUCTION

The measurement of the icing cloud for Liquid Water Conient (LWC) and cloud droplet sizes
is necessary (Federal Aviation Regulation 25.1419) to document the icing conditions existing during
tests conducted in the laboratory, in icing tunnel spray rigs, airborne tankers, or in natural icing
conditions. The measure of cloud droplet sizes and distribution provides a means to determine
droplet Mzdian Volumetric Diameter (MVD), as well as LWC. During normal aircraft operations,
the measure of LWC can be employed (o determine icing condition severity or intensity.

lcing measurement instruments are discussed in the following paragraphs including those used
to measure LWC in flight or in the laboratory and cloud droplet measuring instruments intended {or

engincering est use,
i1.2.2 ICING MEASUREMENT INSTRUMENTS AVAILABLE

2.2.1 Liquid Water Content Instruments

Instruments used to wcasure icing cloud liquid water content (ILWC) are available in several
tynes. Some of these may be used for normal aircraft operations or for engineering tes: purposes.
Others a e primarily suited for laboratory use such as in the icing wind tunnel, ground and airborne
spray tanker testing, research and development, and certification flight testing in natural icing
conditions. The most comnioaly employed LWC insiruments are the hot wire probe, the vibrating
probe, the light interruption sensor, the blade, and rotating multi-cylinders. Each of these type
instruments 1s discussed in the following paragraphs. Calibration techniques and problems are
discussed in Section 11.2.3, data correction in Section 11.2.4, and precision and accuracy in Section
11.2.5.

2.2.1.1 Hot Wire LWC Instruments

A variety of instruments have been devised to measure cloud LWC, but since the mid 1950
heated wire probes have been the most widely used. The two most comimon types of hot wire LWC
instruments are known as the J-W and the CSIRO type meters.

The Johnson-Williams (J-W) type LWC meier (figure 2-i) is based on the principie that
droplets hitting and evaporating from a heated wire, cool the wire, This wire, whose resistance is a
function of temperature, is mounted perpendicular to the air flow. A second wire, mounted
parallel to the air flow and not subjected to droplet impingement, is used for temperature
compensation with altitude.

The electrical circuit that measures the resistance change is similar to a Wheatstone bridge
circuit where the sensor wire represents one leg of the bridge while the compensaiion wire is the
other leg. The circuit becumes unbalanced when one leg's resistance is differeat from the other’s.
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Thus, the effect of ambient temperature cooling the wires will not cause an imbalance because both
wires cool at the same rate. (While droplets strike the sensing wire and cool it, the compensating
wire is not effected).

Typical performance range of the J-W LWC meter is up to 3 g/m3 in the Iow setting and 0 to
6 g/m3 in the high setting. The true airspeed may vary from approximately 80 to 200 miles per
hour {129 to 322 km/hr) (reference 2-1).

The CSIRO is another commonly used hot wire LWC meter (figure 2-2). The sensing element
of this instrument is a coil of copper wire approximately 1.67 inches long by 0.71 inches diameter
(4.25 cm long by 1.8 mm in diameter) (sizes vary for different models). The quantity of electric
current used (o maintain the coil at a constant temperature is measured. Droplets which strike the
wire coil cause cooling; the increase in power needed to offset the cooling due to evaporation is
calibrated in terms of liquid water content,

To eliminate axial cooling, two slave coils are connected at opposite ends of the seasing coil.
The slave coils are maintained at the same temperature as the sensing coil to keep heat from being
conducted out of the sensing coil ends. The effect of dry air cooling the sensing wire must also be
considered. The manufacturer recommends making measurements, prior to cloud measurements, :0
determine the cooling eftect of the dry air. The difference between readings in the cloud and in
dry air is used to determine the liquid water content.

Typical performance range of the CSIRO LWC meter 15 O to 3 g/m3. True airspeed ranges
from approximately 140 to 230 miles per hour (225 to 370 km/hr) (reference 2-2).

2.2.1.2 Vibrating Probe Instrument

The vibraiing probe operates on the principle of an axially vibrating probe whose natural
frequency is known, as was discussed in Section 1.3.3. A tubular probe, manufaciured from a
magnetostrictive alioy, is mounted in an aspirated housing at its midpoint, exposing half of the tube
to the airstream (figure 2-3). Since the probe is made of magnetostrictive materials, it will expand
and relax under the influence of a varying inagnetic field. A permanent magnet provides a
constant magnetic bias through the tube. The field is modulated by a drive coil surrounding the
lower half of the tube. A magnetostrictive oscillator circuit is completed with a feedback coil and
operational amplifier., The axial mcvement of the tube, resulting from the activation of the drive

coil, induces a current in ine feedback coll, The feedback cuil drives ine vperailonal anipiifier

which provides a signal to the drive coil. The circuit’s rate of oscillation is determined by the
natural resonant frequency of the sensor tube, which is tuned to 40,000 Hz.

In icing conditions, when ice accretes on the sensing probe, tae resonant frequency of the
probe decreases, due to the added mass of the ice, at a rate of 67 Hz for each 0.010 inch thickness
of ice. The LWC can then be calculated fiom the frequency rate of change (reference 2-3);




K' df
LWC = —p &t (2-1)

Where df/dt = rate of change in frequency, V = airflow velocity across the probe, K' = scaling
constant.

The frequency is measured once each program cycle by 4 microcomputer {(approximately 5
times per second). At the beginning of each program cycle, the computer is gated on to count the
cycle periods. At the end of the cycle, the computer compares the number of periods counted with
the number of periods corresponding to a 67 Hz -frequency change. The differential expression
df/dt can then be reduced to 67/0.2n where n is the number of program cycles required to observe
a 67 Hz change. The LWC can be calculated as an inverse function of n.

Lwe - K2V (2-2)

Where n = number of program cycles per 67 Hz change, v = velocity across the probe,

K" = scaling constant.

This process continues until the total ice accumulation on the probe exceeds ¢.060 inches or no
further accumulation is observed. Internal probe heaters are then activated, the accreted ice is
melted, then the process is restarted.

LWC calculations occur after each incremental 67 Hz frequency change. Each calculated value
is stored in memory and averaged with several previous readings. This average is then made
available with several previous readings. Following aircraft emergence from an icing condition, the
LWC signal will decay to 0 within 60 seconds.

Typical performance range for this instrument is 0.05 to 3 g/m3 and 10 io 50 microns MVD.
True airspeed ranges from approximately 20 to 230 miles per hour (30 to 370 km/hr) (reference
2-3)

2.2.1.3 Light Beam Interruption Instrument

The light beam ice accretion and LWC instrument operates on the principle of ice
accumulating on a probe which occludes a light beam. During operation, the detector head draws
in arabient air by means of an ejector tube (figure 2-4). During icing conditions, ice accretes on
the sensor probe at a rate proportional to the liquid water content (LWC) of the ambient air. The
ice acereted on the probe occludes an infrared light beam crossing the central area of the probe at
an oblique angie. The degree of occlusion is determined by the amount of ice on the probe. When
light occlusion reaches a predetermined level, representing maximum permitied ice thickness, a
heating cycle is iritiated to remove ice from the low thermal inertia probe. When the accumulated
ice melis, the original light path is restored then the heating cycle is terminated to permit ice

1 2-3




accretion to resume. The time taken to accrete ice between two predefined ievels is used as a
measure cf the icing rate from which LWC can be calculated (reference 2-4). The system contairs
a microprocessor to process the information received from the photo detector via an
analog-to-digital converter.

Typical performance range for this instrument is 0 to 2 g/m3 LWC and 10-40 microns MVD
from 0 to 15,000 feet (0 to 4572 meters) altitude. True airspeed ranges from 0 to 230 miles per
tiour (0 to 370 km/hr). The unit will operate at higher airspeeds provided the temperature of the
aspirating compressed air is increased (reference 2-4).

2.2.1.4 Blade

The blade LWC measuring device (figure 2-5) is an old technique used primarily in the iciag
wind tunnel. This device is simply an object approximately 0.12 inches thick by 0.75 inches wide
and 10 inches long (0.3 cm thick by 1.9 cm wide by 25 cm long, although other sizes can be used)
that is made from aluminum bar stock. In operation, the blade is run out from behiné a shielded
position inco the airstream for a nominal 3¢ seconds to expose the thin edge to the icing cloud. The
thickness of accreted ice on the blade leading edge 1s then measured with a micrometer followed by
calcuiation of LWC by accounting for the collection efficiency (reference 2-5).

2.2.1.5 Rotating Multi-Cylinders

The rotating multi-cylinder, one of the oldest ice accretion and LWC instruments in use today
(figure 2-6), is another manually operated instrument. A typical multi-cylinder consists of five
cylinders with varied diameters ranging from 0.5 inch to 4.5 inches, which are stacked (one atop the
other with transition pieces) to make the cylinder array. In operation, the array of cylinders is run
out from 4 shielded position for an appropriate period of time into the icing cloud then withdrawn.
The LWC is determined from the weight of ice accreted on each cylinder according to the
procedure of reference 2-6. After the LWC is determined, one of several standard drop size
distribution is assumed, based on the relaiive amounts of ice coliected on each of the various-sized
cylinders. A MED (Median Effective Diameter) is then computed.

2.2.2 Droplet Sizing Instruments

icing cloud droplet sizing instruments are needed for the accurate determination of droplet
size distributions in icing research, ice protection sy.:em development, and in certification testing
(reference 2-5). In earlier times (1940°s and 1950's) manually operated instruments such as the oil
slide and rotating muiti-cylinders were used to measure or infer dropsize distributions. At present,
a number of modern automated instruments are in wide use to measure droplet size.
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2.2.2.1 Optical Array Probe {OAP)

This probe is another single particle size spectrometer sensitive to droplets intermediate in size
between typical cloud droplets (1-50 microns) and precipitation particles (larger than abeut 0.3 mm).
Nominal size ranges are usually about 20 to 200 microns or 30 to 300 microns.

The OAP makes use of a row of 16 or more miniature photodiodes to detect the shadows of
these larger droplets as they pass through a smali segment of 8 narrow laser beam. The number of
photodiodes occluded by each shadow is a measure of the shadow width and therefore of the dropiet
diameter. As with the FSSP, the droplet "counts” are stored in 15 size "bins" which together spaa the
range of diameters detectable by the probe. Digital readout is available at selectabie rates up to about
10 per second and again, LWC or other quantities may be computed from the recorded size
distributions.

Most cloud droplets are smaller than about 50 microns, so the OAP is useful mostly for smali,
drizzle-sized droplets. Otherwise not much is scen except possibly in the first one or two size bins.
For this reason the FSSP is generally used as the principal (if not the only) dropsize probe on board.

2.2.2.2 Axial Scattering Spectroraeter Probe (ASSP)
The Axial Scattering Spectrometer Probe (ASSP) was a predecessor of the Forward Scattering
Spectrometer Probe (FSSP - see next section) and is no longer used,

2.2.2.3 Farward Scattering Spectrometer Probe (FSSP)

Beginning in 1973, a new type of automated, electro-optical, cloud particle size spectrometer
became commerciaily available from Particle Measuring Systems (PMS), Inc., of Boulder, Colorado.
The original model was called the Axially Scattering Spectrometer Probe (ASSP). This was soon
followed by an alternate model called the Forward Scattering Spectrometer Probe, which is more
commonly in use today. Both models are based on the principle of forward scattering of light from
individual cloud droplets passing through a narrow, illuminating beam. The intensity of the light
scattered by a droplet is proportional to the square of the droplet diameter, i.e., to the droplet size.
An optical detector senses the flash of light from each droplet and gencrates 2 voltage pulse
proportional to the droplet size. A 15-channel puise height analyzer then sorts these pulses into one
of 15 corresponding size intervals. These 15 size intervals typically span a toial size range of about
3 to 45 microns in droplet diameter. The "counts” in the intervals are stored for periodic output to a
digital recording medium. From the recorded size distributions one can easily compute the droplet
number density (droplets per cubic centimeter of cloud along the flight path), the LWC, and other
dropsize dependent quantities,

The FSSP and other PMS probes have become standard equipment for cloud physics research in
the field. The principal advantages are good resolution of droplet sizes, high data rates (continuous
sampling during the flight with accumulated droplet size spectra recorded every second, or faster), and
direct computer compatibility,
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I1.2.3 CALIBRATION TECHNIQUES AND PROBLEMS

The vibrating probes, interrupted light beams, icing blades, and roiating cylinders are ail
pormally calibrated in an icing wind tunnel where the airspeed, LWC, temperature, and median
droplet size can be varied in a controlled manner. Comparisons of tunnel LWC with measured ice
accretions on the probes provide calibrations within the accuracy of the tunnel calibration itself.

2.3.1 LWC Instruments

2.3.1.1 Hot Wire LWC instruments (J-W and CSIRC)

The J-W LWC instrument (figure 2-1) is a heated wire device whose performance is
approximated using a heat balance equation. The amount of heat supplied to the wire is balanced
by convection, conductien, and radiation losses toc the ambient air plus the heat required to
evaporate impinging water droplets. The heat balance (reference 2-2), assuming negligible
radiative or conductive losses, is described by

P = ldvwL + (T, T))] + (T, - T,)Nu (2-3)

where

p = total power required to heat the sensing wire

1 = length of wire

d = diameter of wire

v = cloud velocity relative to wire

w = LWC

L = latent heat of water

¢ = specific heat of water

T,, = viire temperature

T, = air temperature

k = thermal conductivity of air

4
c

u Nusselt number for heat transfer from water to air (Nu is defined as the ratio of
the film heat transfer coefficient to the thermal conductivity times the sensor
diameter).

The sensing wire is composed of a material with a positive temperature coefficient of
resistance such that cooling will cause its resistance to decrease. From equation (2-3) and the
known temperature resistance characteristics of the wire, the LWC can be calculated after
measuring the power, airspeed, altitude, and air temperature, An alternating currgnt
Wheatsione-bridge, with the sensor resistance s one leg, is used to measure resistance changes, To
compensate for the dry air heat losses another leg of the bridge is formed by a second

Il 2-6




"compensation” wire of the same composition as the sensor but exposed lengthwise to the airstream
to shield it from passing water droplets.

The J-W instrument underestimates the mass of water droplets greater than 30 pm, possibly as
a result of breakup on the sensing wire before evaporation. In addition, the J-W does not appear to
respond well to LWC less than 0.05 g/m3 (reference 2-2). Sources of uncertainty in the J-W
measurements stem f;om observed out-of -cloud baseline drifting, inadequate compensation by the
compensating wire, and improper grounding techniques in the sensing head and associated
electronics. In addition, questionable construction techniques affect the measurement accuracy
(reference 2-2).

The baseline out-of ~-cloud values measured by the J-W have been observed to drift even when
environmental conditions remain constant. This drifting is characteristic of A.C. bridge measuring
circuitry when a well-regulated voltage reference is not used. The baseline will also skift with
airspeed, temperature, and altitude changes as the compensation wire is only partially successful in
compensating for these effects, The magnitude of error introduced by this drift is approximately
10% on the average, although its unpredictability makes evaluation difficult, especially since the
amount of drift i5 probe dependent.

The usua! method of J-W calibration consists of replacing the sensing head with a dummy
head which, according to the manufacturer, provides the same resistance load as the sensing wire
under a specified LWC at the minimum design airspeed of the instrument. This dummy head
calibration check provides valuable information concerning the status of the electronics, but this is
not sufficient in itself. The major problem presented by this type calibration is the assumption that
the resistance of the calibration resistors remains constant during power application. The typical
power consumption of these resistors in on the order of 15-20 watts, with accompanying rises in
temperature. The full scale values during calibration can drift 20-30%. A notable exception to this
occurred during calibrations in an icing wind tunnel where good ventilation and a cool environment
minimized temperature rises in the dummy head. The sensor head also needs to be checked
periodically since the head, exposed to the elements, could become damaged. At this time, the only
reliable method for complete calibration of the J-W is in an icing wind tunnel with weli calibrated
characteristics.

A study by Strapp and Schemenauer (reference 2-1) showed that 73% of the probes tested in
the Ottawa wind tunnei agreed to within 20% of the tunnel vaiues when using the calibration
obtained with dummy heads.

Their study also showed several probes which demonstrated a marked dependence on tunnel
airspeed and temperature as well. An additional problem with several of the probes was a buildup
of ice on the compensation wire fastening post which caused a large fluctuation of indicated LWC.
This condition prevailed at a temperature of -15°C and 172 miles per hour (77 m/s) airspeed.

In summary, the accuracy of the J-W measurements is a function of the particular probe used.
Without completely testing a sensor in a well calibrated icing wind tunnel and if the only calibration
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is that of the manufacturer’s dummy head, the LWC vaiues may only be accurate to 20%. However,
if the sensing head is thoroughly evaluated and calibrated, the overall accuracy should be better
than 20% (reference 2-1).

The CSIRO probe consists of a heated wire element constructed from a hollow metal cylinder
closely wound with a single layer of insulated copper wire (figure 2-2). The resistance of the
element is used in a feedback loop to maintain the temperature of the sensor constant. Axial heat
losses are minimized in this probe through the use of slave coils on either side of the main sensing
coil. With the current flowing through these coils duplicating that from the main coil, the axial
temperature gradient is significantly reduced. both the J-W and the CSIRO probe use the same
heat balance equation (2-3) for deriving the LWC; however, as equation (2-3) assumes a knowledge
of the wire temperature, the CSIRO response is more accurately predicted since it is designed as a
constant temperature probe whereas the J-W probe is not. The J-W probe uses a separate wire to
compensate for envircnmental changes; the CSIRQ probe uses calculated value, improved by
calibration, to measure the power consumed in dry air.

King, et al (reference 2-10) conducted an extensive evaluation of the CSIRO probe which
showed that the accuracy of the measured LWC is dependent on the accurate prediction of the heat
losses in non-cloudy air. The dry air term (reference 2-2) is given by

Py, = AK(T, - T,) A Re* (2-4)

where the Nusselt number has been expressed as a function Re* of the Reynold's number, defined
as

YD
L (2-5)

Re =

and
4 = is the viscosity of air
T,, = wire temperature
T, = air temperature
D = sensor diameter
= sensor length
= air velocity

= coefficient determined in either a wind tunnel or on the aircraft

1
v
A = coefficient determined in either a wind tunnel or on the aircraft
X
k = thermal conductivity of air

P

= is the density of air
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The diameter of the sensing wire presents a blockage to the flow, thus the probe’s collection
efficiency should be examined. As the probe wiil not collect any droplets smalier than 2 gm it will
miss 20% of the 10 um droplets; however, the contribution to the LWC from droplets smaller than
10 pm is minimal for most cloud types.

The CSIRO LWC probe is calibrated in a wind tunnel. The procedure involves placing the
instrument in a dry air wind tunnel to simulate varying airspeed (aircraft velocities are used). Plots
of voltage and power versus velocity establish the value of the calibration constants. A theoretical
expression relating LWC to {hese constants is used to derive the final meter calibration (equation
2-4). The accuracy of this method has been established in independent wet wind tunnel tests
(reference 2-10). In summary, the CSIRO probe accuracy is generally better that 5% at 1.0 g/m3,
based upon analysis of the probe's operating characteristics. Overali, the CSIRO probe is superior
to that of the J-W probe in many key aspects cxcept for the more fragile nature of the CSIRO
sensing element which tends to break more easily.

2.3.1.2 Vibrating Probe Instrument

A vibrating probe ice detector and LWC instrument is designed to extend through the airflow
boundary layer wherein a strut or mast supports the sensing element in this position. In general, it
has been found that the best areas for mounting the probe consider the following:

1. Locate out of any boundary layer.

b. Locate away from areas of stagnated flow.

¢ Locate away from areas of flow separation.

d. Locate away from areas where droplet centrification might occur.

The normal calibration technique for the vibrating probe is an experimental test in an icing
wind tunnel of known calibration where the airspeed, LWC, and median droplet size can be varied
in a controlled manner. Comparison of tunnel LWC to measured ice on the probe can provide
calibration curves within the limiis of accuracy of the particular icing tunnel employed. The probe
manufacturer usually will provide the user with calibration data for the particulars instrument.

2.3.1.3 Light Beam Interruption Instryment

The light beam interruption type of LWC instrument operates on the principle discussed in
Section 2.2.1.3. In this systcoi, dry bleed air from the eugine is passed thiough the detector housing
into the throat or aspirator of the tubular probe housing. The bleed air is then discharged through
an annular ring at the front of the aspirator section. This bleed air entrains a flow of ambient air
containing supercooled droplets. ice is formed on a probe within the aspirator when water droplets
impinge on the probe. When ice buildup measures 0.005 inches, it obstructs the light path of a
photo-electric cell and triggers the start of a timing circuit. This timing is stopped when the ice
reaches a thickness of 0.01 inches to permit the probe to be automatically deiced. The time elapsed
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during icing is then converted into a measure of LWC. The rate of ice accretion (cycle time) is
interpreted as icing severity (reference 2-4),

The normal calibration technique for the light beam interruption type instrument is
experimental test in an icing wind tunnel where the airspeed, LWC, and median droplet size can be
varied in a controlled manner. The icing rate is primarily a function of droplet collection
efficiency on the probe. Comparison of tunnel LWC and icing cycle time for the light interruption
instrument can provide calibration curves within the limits of accuracy of the particular icing
tunnel employed.

2.3.1.4 Biade

The manually operated and deiced blade is an old device used to measure liquid water conteni.
The unit is normally mounted behind a shield and run out into the airstream for a short period of
time (30 seconds) to accrete ice. It is then withdrawn to permit the thickness of accreted ice, on the
thin leading edge, to be measured with a micrometer. The LWC is then calculated after accounting
for the coliection efficiency. The blade design and the procedure used to determine LWC may be
found in reference 2-11.

The normal calibration technique for the blade employs an icing wind tunnel where the
airspeed, LWC, and median droplet size can be varied in a controlled manner. Comparison of
tunnel LWC to measured ice on the blade can provide calibration curves within the limits of
accuracy of the particular icing tunnel employed.

2.3.1.5 Rotating Multi-Cylinders

The rotating multi-cylinder is another manually oj:erated instrumient. The cylinder array is
normally stowed in 4 shielded position and run out into the airstream for a short period of time to
accrete ice and then withdrawn. The LWC and droplet size is determined by measuring the mass of
ice accreted on each of the five cylinders according te references 2-12 and 2-13.

The normal calibration technique for the rotating multi-cylinder array is experimental test in
an icing wind tunnel where the airspeed, LWC, and median droplet size can be varied in a
controlled manner. Comparison of tunnel LWC and measured ice on the cylinder array can be used
to obtain calibration curves within the limits of accuracy of the particular icing tunnel employed.

2.3.2 Droplet Sizing Instruments

2.3.2.1 Optical Array Probe (OAP)

Two methods of calibration are commonly used for the Optical Array Probe. The first and
feast accurate is to check the overall magnification of the optics. A clear plastic ruler or a wire of 2
known diameter is placed in the center of the laser beam. The image of the ruler or wire is formed
on the diode array and is then measured with a ruler. The ratio of image size to true size is the
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magaification. If the magnification is incorrect, the zoom lens can be adjusted to bring it into
closer agreement with the manufacturer’s specification (reference 2-7). A second method of
calibration uses glass beads or particles of known diameter. The instrument is mounted vertically so
that the probe arms are on top. The particies are then poured through the laser beam. The data
syster will show a narrow distribution of particle sizes centered about the bin which contains the
paiticle size _sed. If the distribution is centered about a smaller bin, the magnification should be
increased, or decreased if it is centered ubout g larger bin. The process of pouring beads and
adjusting the magnification shwiild continue until the disiribution is centered about the correct bin
(reference 2-7).

Mapping the OAP should involve 4 dewsiled mapping of the sample area where the purpose is
to deiesimine ti.2 instruinent response as 3 functioa of particle speed and trajectory. To accomplish
this, a2 number of factors must be strictly centrolled. Particle size must match the OAP range.
Trajectory must be able 1o direct the particle through any part of the laser beam with 2 degrees of
freedoi. . Pariicle speed should be in the 225 miles per hour (100 m/s) range. The number of
par.icles per unit time should be within an accuracy of 1 percent (reference 2-7).

Y'arious kinds of particles ¢an be used to make (he mapping. These are discussed in the
foliowing:

(1) FTariacies moduced by a water droplet generaior are desirable because they bave the same

i<~ of refraction as cloud dreplets.

(2} Gias, pariicles 2ve widely used. If they are blown through a nozzle under high pressure,
high velocities uze obtainabie. For an instrument like the OAP, the difference between
the index of refiactior of glass vertus water is unimportant.

(+1 v ,iex spheres pumped through a closed loop flow cell offer similar problems as glass
beads.  Although the wumber density can be somev.hat controlled, their trajectory
ihrough tie laser beam is virtually random.

4, Clarome disks e-~hed 2a a glass substrate arc one of the newest methods of sample area
mapping. For i~ QAL this device, called a reticie, offers a scattering signature similar to
& water droplet. On: of the major advantages of this method is the absolute control over
particle size and nuribwr, The gieatest drawback is the mechanical problem of spinning
tae reticle so the disks ass through the laser beam at high velocities.

See reference -7 for datail d description of OAP calibratioa procedures,

2.3.2.2 Forward Scattering Speciremeter Prove (FSSP)

Calibration of Jhe FSS™ is usuaily an indivect proces - “ein a calibration curve based on Mie
theory i, ploited predicting FSSP response to glass beads . .erence 2-9). Glass beads of known
sizes are «hen tlown through the instrument establishing the relationship between the theoretical
and experimenial calibration. The experimental cu:ve s much smoother tharn the theoretical one.
Mext, *=r F881 resnonse to water droplets is theoreticaily predicted, by knowing the relstionship
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between the experimental ancC theoretical curves for glass, the theoretical curve for water can be
modified to give the predicted water droplet calibration.

The FSSP manufacturer's manual provides plots showing how the FSSP should respond to
various size glass beads. This allows the user to check the iustrument calibration from time to time
by blowing glass beads through the laser beam and comparing the FSSP’s present response with the
factory calibration. The instrument manufacturer will provide a nozzle for these tests which fits in
the flow straigatening tube (figure 2-8) and is used to direct glass beads through the beam. A
vacuum source and glass beads must be provided by the user, The data acquisition system records
the bead size distribution as they accelerate through the laser beam. The peak of this disiribution
should fall in the sai¢ size bin as indicated by the manufacturer’s calibration plot. The glass bead
method is inconvenient for use in the field, however, because in addition to the special equipment
required, the FSSP miust be dismounted from the aircraft and brought indoors.

A simpler method may be used for routine calibration checks in the field (reference 2-21).
Fine nylon strands stretched across a rigid frame serve as a repeatable simulation of {ixed diameter
droplets. The fibers produce an optical signal of fixed, repeatable amplitude each time the fiber is
passed through the laser beam in the FSSP. Correspondiagly, counts wiil build up in one of the 15
size bins. This same bin should respond each time the check is performed. Counts accumulating in a
different bin would indicate a change in calibration by that amount. These checks can be
perfoimed easily and quickly with the FSSP ir place on the aircraft.

11.2.4 DATA CORRECTION

it is assumed here that the probes or sensors are properly installed on the aircraft or in the
icing tunnel, are operated correctly, and are in calibration during use. The only data correction
councerns are then limited to:

a) 1voidable systematic errors (such as baseline drift with the J-W LWC meter) that may

utinely occur during flight.

b) limited measuring raznges, such as dropsize range for the hotwire probes and for the

droplet size spectrometers.

¢) probe saturation, such as excessive droplet rate for the optical particle counters or

excessive cycling rate for the vibrating probe sensors,

d) ice accumuiation on the LWC probes or optical particle couniers v ere it iaterferes with

the airfiow or the optical path.

Regarding this last irem, it must be realized that many of these non-ice accreting probes are
used as much, if not mare, in warm cloud resea.ch than in cold clouds. Alihough the probes are
usually provided vith imu - dded heaters where practicable, there may be some cold cloud situations
where ice will b 1ild up on parts of the sensors that cannot be adequately warmed.

The above mentioned problems often result in important but subtle effects on the data. It may
take 4n alert obsarver 10 note tnat condisions are right for problems to occur, and an experienced
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eye to notice the effects in the data. Experience has shown that is it very helpful in this regard to
have more than one sensor on board that can measure the same, or a related variable. For example,
a decrease in droplet count that is not corroborated by the J-W LWC can be the tipoff tn a nroblem
with the dropiet counter.

In general it is g good idea to have the research cloud physics instrumentation supervised and
operated by a researcher or technician who is experienced in calibrating and servicing them as well
as using them in the field.

2.4.1 LWC Instruments

2.4.1.1 Hot Wire LWC Instruments (J-W and CSIRQO)

The main operational problem, especially with the J-W meter, is baseline drift during flight.
The recorded output from the meter is usually a 0-3 volt signal proporiional to the momentarily
indicated LWC. In clear air the cutput voitage, or bascline signal, should be zero. Often the bascline
voltage will be slightly positive or negative after a long transit through ciouds, especially if the
outside air tempcrature has changed (due to a change in flight level, for example) during the
transit. This baseline drift can often increase (or decrease) the appareat LWC by as much as a few
tenths of a gram per cubic meter by the end of the iransit.

The correction for this effect may be jerformed manually from the chart recordings, or by
computer if the data were recorded digitally. The exact amount of drift may be unknown for any
point along the transit, but the usual procedure is to assume a linear increase (or decrease) along the
transit. Any cloud-fiec gaps along the way will help irack this drift, because the baseiine veltage
then corresponds to zero LWC in these gaps. The finai adjustment consists of simply subtracting (or
adding) the interpolated amount of baseline drift from the indicated LWC at points of interest along
the transit,

Another operational problem may be icing of the inlet rim of the sensing tube. Although the
strut is usually heated, ice may sometimes build up on the rim anyway. Ice accumulations can
disturb the sirflow through the tube, resulting in a suspicious reduction in the indicated LWC.
There is no way to correct for this error, but the operator should stay alert for the possibility so he
data can be disregarded as erroncous.

2.4.1.2 Vibrating Probe Instrument

The main problem in using these devices as a research probe for LWC is that their duty cycle
decreases markedly ay the LWC (ice accretion) increases. The duty cycle refers to the time interval
when the prebe is in the sensing mode and is gznerating an output voltage proportional to the ice
thickness. This duty cycle alternates with a heating cycle which melis off the ice after a
preselectec amount has accumulated. The heating cycle requires a fixed amount of time, usually
about seven reconds or more, for the probe to heat up and then cool down to the ambient



temperature again. This constitutes a “dead time" during which the probe is not available for use.
For LWC’s less than a few tenths of a gram per cubic meter, the dead time is a small or tolerable
fraction of the time in cloud. At greater amounts of L 'C the ice may accumulate 5o rapidly that
the heating cycle is nearly always on. The result is, in eftect, a saturation of the probe such that it
becomes useless for any quantitetive measure of LWC or ice thickness during periods of elevated
LWC. Unfortunately, these are often the most interesting icing encounters t00. The probe remains
a good indicator of relative icing rate, or "severity”, due to the high rate of heating cycles, but
there is no way to correct for an accurate value of LWC.

2.4.1.3 Light Beam Interruption Instrument

At the time of this writing, no information was available on data correction techniques for the
light beam interruption LWC instruraent,

2.4.14 Blade

There are no data correction techniques for the blade instrument. The ice accreted on the
blade over a short period of time is measured with a micrometer. The LWC is calculated by
accounting for ths ~ollection efficiency by the procedure given in reference 2-11.

2.4.1.5 Robuting Muiti-Cylinders

The main operational problem is to account for cloud gaps that occur while the cylinders are
exposed to the air stream. Because the ¢ylinders are deployed for an extended time (typically ene
minute or more) the accumulated ice can only be interpreted as an average accumulation over the
exposure interval. The total duration of clear air spaces in or between the clouds must be subtracted
from the exposure time (or distance) to obtain a true average LWC for the cloudy portion alone. In
order 1o keep track of the clear spaces, one of the other coatinuously operating cloud sensors must
be used along with a time synchronized, recorded ¢ 1tput.

Errors due to water runoff or blowuff (incomplete freezing) when the total temperature is
above about -5 C are probably uncorrectable. These and other errors associated with weighing the
cylinders, inferring dropsize dis‘ributicns, dealing with large indicated MED's, etc., are described
in the original NACA literature (reference 2-12).

2.4.2 Droplet Sizing Instruments

2.4.2.1 Optical Armay Probe (OAP)
These probes generally undercount the number of droplets in the first three size intervals.

Therefore, one correction involves bogsting the apparent counts by an experimentally determined

factor for each .nterval. The owners manual suppiies this information.
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The only other correction that may be needed is to aczou:it for the presence of ice particles in
snowy areas or in glaciated clouds. The OAP cannot distinguish between particle shapes, and it
blindly indicates apparent size based sclely on the width of the particle shadow. Therefore, users
of the data must be kept aware of when the flight was in ice particles so that the latter are not
mistaken for droplets on the OAP.

2.4.2.2 Forward Scattering Spec rometer Probe (FP)

The main operating errors with the FSSP arise from saturation in dense clouds, false size
spectra from ice particles, ice accretion in the vicinity of the optics, and fogging of the optics.

Saturation occurs when droplets pass through the laser beam at a rate too fast for the
electronics to respond to all of them. This can happen at high airspeeds and/or in clouds with high
droplet conceutrations (i.e., more than about 500 per cm3). The result is an indicated number
density that is too low due to a combination of "dead time" losses and coincidence errors. Except
for the earliest models, the FSSP's generally monitor the particle rate, or "activity" and the dead
time. These variables are recorded along with the droplet size data and may be used to routinely
generate corrections to the number density. A typical correction scheme is the equation

N, = NI - KA) (2-6)

where:

Nc is the corrected number density

Ny is the uncorrected number density

A is the "activity”

K is an experimentally determined constant, usually about 0.7

This correction and other aspects of the calibradon ar: thoroughly described in references 2-
17, 2-18, and 2-19,

Ice crystals will produce an apparent size distribution but it will ot be a correct one. Most of
the time a given cloud parcel is either all dropiets or all ice particles. Ice particles generally number
no more than a few per cubic centimeter, so only if the cloud is all ice particles will there be a
noticeable signature in the FSSP resuits. Reflections off the facets of the ice particles send counis
more or less evenly distributed intc all 15 of the FSSP size intervals. The presence of an ice particle
cloud is recognizable by this flat size spectrum rather than one thse is peaked somewhere in the 5 to
20 micron range as is the case for droplet ciouds. The relatively low concentration of ice particles
also results in a number density no more than about 20 per cm? as indicated by the FSSP. There is
no way to correct for the presence of ice particles, but these characteristics of the recorded size
spectrum serve to tip off the analyst that ice particles, rather than cioud dropiets, were present at
the time.
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Ice accretion near the optical ports can sometimes occur even though the FSSP is heated in that
area. The result may be a blocked laser beam or distorted air flow.

Fogging of the optics can also happen temporarily when the aircraft descends into clouds or
humid air after flying at high altitudes where the FSSP has been cold soaked at low temperatures.

Both the fogging and the ice accretion generally result in a marked reduction in droplet counts
when visual observation or other instruments indicate that the droplet count should be much higher.
There is no possible correction for these situations. The aircraft must descend to warmer
temperatures long enough to melt the ice or to evaporate the moisture off the optics.

11.2.5 PRECISION AND ACCURACY
2.5.1 LWC Instruments

2.5.1.1 Hot Wire LWC Instruments (J-W and CSIRO)

The J-W instrument underestimates droplet mass for droplets greater than 30 um (reference
2-1) possibiy as a result of breakup on the sensing wire before evaporation. Also, the J-W does not
appear to respond well to LWC less than (.05 g/m3. Sources of uncertainty in the J-W
measurements stem from observed out-of-cloud baseline drifting, inadequate compensation by the
compensation wire, and improper grounding techniques in the sensing head and associated
electronics. In addition, questionable construction technigues affect the measurement accuracy.

The sensor and compensation wire resistances range from 40-60 milliohms, Attempting to pass
information at this ievel is generally difficult and very sensitive to other spurious resistance changes
in the system. The combination of bonding techniques with soft solder and silver solder produce
resistanve changes under differing conditions but are difficult to assess quantitatively, The
connector contact resistances are espec’~lly susceptible to changes with time due to corrosion and
oxidation. These resistance chaages are major source of error since the J-W uses the connector
shell as its electrical signal return through the aircraft frame. As contact resistance increases, the
sensitivity of the instrument decreases which causes an error in the gain factor. As a result the
LWC measurements under these conditions will appear lower than the actual values.

The baseline, out-of-cloud values measured by the J-W have been observed to drift even
when environmenial conditions remain constant, This drifting is characteristic of A.C. bridge
circuitry when a well-regulated voltage reference is not used. The baseline will also shift with
airspeed, temperature, and altitude changes as the compensation wire is only partially successful in
comipensating for these effects. The magnitude of ervor introduced by this drift is approximately
10%, on the averaye, although its unprediciability makes evaluation difficult particularly because
the degree of drift 15 probe dependent,

In summary, the accuracy of the J-W probe measurements is a function of the particular probe
used. Without completely testing a sensor in an icing wind tunnel, the only calibration is that of the

i1 2-16




manufacturer’'s dummy head. Thus the LWC values may be in error by 20%. However, if the
sensing head is thoroughly evaluated and calibrated, the overzil accuracy should be within 20%. The
CSIRO probe consists of a heated wire element closely wound with a single layer of insulated
copper wire, The element resistance is used in a feedback loop to maintain the temperature of the
sensor constant. Axial heat losses are minimized through the use of slave coils on either stde of the
main sensing coil. With the current flowing through these coils duplicating that from the main coil,
the axial iemperature gradient ic significantly reduced.

An extensive evaluation of the CSIRO probe (reference 2-10) showed that the accuracy of the
measured LWC is dependent on the accurate prediction of the heat losses in non-cloudy air. King
(reference 2-20) has estimated the inaccuracy of the CSIRO probe to be less than 5% at 1.0 g/m3,
based upon an analysis of the probe’s operating characteristics.

2.5.1.2 Vibrating Probe LWC Instrument

The vibrating probe instrument electronics detect changes in the resonant frequency of a small
vibrating sensor tube as ice acretes on the surface. Current versions of this instrument
automatically deice after a given ice buildup. Recent comparison tests of several LWC instruments
(reference 2-5) indicated a LWC repeatability of £13% (1 standard deviation} with an average error
of -11% for the vibrating probe when tested in an icing wind tunnel. These tests were conducted at
low enough temperatures to avoid water run-off therisal errors. All tests were run over a range of
airspeed, LWC, and median droplet sizes.

2.5.1.3 Ligiat Beam Iaterruption Instrument
At the time of this writing no information was available conczrning the precision and accuracy
of the light beam interruption type LWC instrument.

2.5.1.4 Blade

The blade LWC instrument (figure 2-5) was similarly tested in an icing wind tunnel (reference
2-5) over the same range of conditions as the vibrating probe as Jdiscussed in Section 2.5.1.2. LWC
repeatability for the Blade in these tests was 19% (1 standard deviation) with an average error of
-3%.

2.5.1.5 Rotating Multi-Cylinders

The rotating nulti-cylinder instrument, made of five cylinders in a stacked array with
diameters ranging from 0.32 cm to 11.0 cm, was similarly tested in an icing wind tunnel (reference
2-5) over the same range of conditions as for the vibraring probe and the blade. LWC repeatability
for the rotating cylinder in these tests was £15% (1 standard deviation) with an average error of
-11%.
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2.5.2 Dropiet Sizing Yostruments

2.5.2.1 Optical Array Probe (OAP)

The OAP instrument is available in different sizing ranges (e.g., the OAP-200X with a sizing
range of 10 to 300 um and the QAP-260X with a sizing range of 10 to 600 um). The QAP shown
in figure 2-7 in a siraplified schematic uses a low power HeNe laser and cylindrical optics to form a
beam with an elliptical profile. This laser beam is passed through the sampling region and an objective
lens to illuminate a linear photodiode array 16, 32, or 64 elements long. Particles passing through the
beam obscure a portion of the beam thereby forming a shadow which is imaged by the objective lens
(at some preset magnification) onto the diode array. The measured size of the particle is represented
as a discrete number of photodiodes shadowed. Shadows from particles which traverse at axial or z
positions, displaced from the object plane, are then out-of ~-focus at the diode array plane. As a result
a problem with determining the correct size of an out-of-focus object is introduced. The axial extent
of the region where particles are sufficiently in focus is termed the depth-of-field (DCF). The
particle sampling window is an approximately rectangular section of the laser beam situated in the y-z
plane. The axial (z) extent of the window is effectively the DOF with the height somewhat less than,
but of the order of, the diode array iength. Theretore a depth-of-field correction must be performed
by the instrument {0 account for the strong sampling bias in favor of large particles.

For the OAP, the DOF varies as the square of the particle diameter, but is limited at the high
end by the physical distance of 61 mm between probe arms (not shown in figure 2-7). The effective
array width dependencc reflects the fact that a large particle has a smaller acceptance window where
it can cross the array image and not cover one of the end diodes. The instrumenti logic rejects particles
which shadow an end diode because a correct size measurement could not be made.

The OAP was calibrated utilizing particle diameters ranging from 80 to 455 um (reference 2-7).
The best fit calibration comstant was determined to be 0.96. The typical fuil-width response
broadening, at one standarc deviation, was about two chansnels (20 pm). Thus, the QAP sized particles
were found to be 4% low relative to independent measurements of the particle image diameters.
Measurements of the DOF agreed well with predictions and the manufacturer’s specifications.

2.5.2.2 Forward Scattering Spectrometer Probe (FSSP)

Scatiering probes use a velocity averaging circuit to reject particles which pass near the beam
edges. This scheme is implemented by maintaining an electronically derived runnirg average of the
particle’s transit time through the laser beam. If a particle’s transii time exceeds the average it is
accepted; if shorter, it is assumed that the particle passed too close to the beam edge and is rejected
as it might otherwise be undersized. Additional details of this operation may be found in ref. 2-9.

The measurcment accuracy of these instruments is a function of the optical resolution and the
response characteristics of the electronics, The manufacturer astimates ihe sizing resolution to be
10% a3 a result of the variations in the light intensity across the length and width of the beam. Thece

i12-18




variations also cause initially monodispersed spectra to be artificially broadened. Systematic oversizing
of cloud droplets will occur when particles are coincident in the beum. Assaming a.random
distribution of particles, the probability of ccincident events varies from 1% for 100 droplets‘/cm3, to
12% at 500 cm™3 and 30% at a concentration of 1000 cm™>, These probabilities are statistically derived
using a Poisson distribution after assuming typical values for airspeed (80 m/s) and sample area
(depth-of-field, 3 mm; beam diameter, 0.2 mm). The oversizing due to coincidence cannot be
quantized; however, the general effect will be to broaden the spectra toward larger sizes (referznces
2-17 and 2-19).

Particles will be measured as less that their actual size if they pass through the beam faster than
the response time of the electronics. Laboratory tests have indicated that this effect is not significant
until airspeeds exceed 100 m/s, at which point the particle is undersized by about 2 um. The
cumulative effect of beam inhomogeneities, particle coincidence, and response time is to broaden the
measured droplet distribution. The average amount of broadening is estimated to be 3-4 um, from
the observed standard deviation of monodisperse glass bead samples. This was obtained by comparing
the indicated particle distribution with the actual distribution of the glass beads determined by a
microscope (references 2-17 and 2-19).

Errors in sizing also arise when calibrating the probe with glass beads. The procedure is to pass
glass beads of knows size through the instrument then adjust the indicated size(s) to account for
differences in the index of refraction between glass and water as described by Pinnick (reference
2-9). The adjustment procedure introduces uncertainiy because of multiple values of the Mie
scattering function, especially for sizes less than 15 um diameter. The maximum error intreduced
by this uncertainty is approximately 10 percent.

Errors in determining the depth-of-field and beam diameter affect the accuracy of concentration
measurements. The electronic definition of the DOF is not precise therefore it cannot be determined
to less than 10%. As the beam diameter is also difficult to measure, an error of less than 10% should
not be expected. An additional uncertainty is introduced by the velocity-averaging circuit. In theory
an average of 62% of the particles passing within the DOF should meet the velocity acceptance criteria.
Empirical data from several instruments tested shows that approximately 50% are accepted. The
velocity accepted fraction is thus the same as the beam fraction thraugh which particles may pass and
be accepted by the velocity averaging circuit.
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In summary, the FSSP instrument exhibits the following accuracy as a function of the source of
error (reference 2-2)%

Concengration
DOF - within 10%
Beam diameter - within 10%
Beam fraction variability - 40-10%
Activity losses - 10-100%
RSS - 17%
Size
Laser inhomogeneity - 10%
Electronic response time and coincident particies - 10%
Calibration - 10%
®SS - 17%
Spectral Shape (as measured in standard deviation)
Same error sources as in measurement of size - 14 um
LYC

Combined sources of size and concentration measurement errors - 34%*
(*Accuracy when beam fraction and activity corrections have been made.)
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